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My research has focused on understanding the surface effects on the optical and 
electronic properties of some metallic and semiconductor nanomaterials. When 
the particle sizes are on the nanometer length scale, a large fraction of atoms in 
the particles are on the surface. The bonding of the surface atoms being 
unsaturated could cause trapping and introduce defects that interact with the 
excited electrons. The effect of the surface on the optical and electronic 
properties of some semiconductor and metallic nanoparticles is investigated. 
When the size and shape of nanomaterials change, both the electron density of 
the excited electrons on the surface and the electronic structure change. 
Therefore, it becomes important to understand how these changes affect the 
electronic motion in the particles in order to exploit their full potential in a variety 
of applications. 
 
 A very critical part of the research presented in this thesis has been the 
nanomaterial synthesis. Chapter two discusses different methods used to make 
some metallic and semiconductor nanoparticles of different sizes and shapes. 
Learning different techniques is found to be very important in designing new 
synthetic methods to make desired materials. Making CdSe nanorods 40 nm in 
length and having the diameter smaller than the Bohr radius (quantum 
confinement limit) has important accomplishments of the present work.  
 
 xix
The synthesis of copper nanoparticles of different sizes ranging from 10 nm to 60 
nm in diameter is also described. This was the first synthesis to achieve isolated 
copper nanoparticles in this size range using photochemical methods. It was 
necessary to have control over the size in order to study size dependent ultrafast 
electron relaxation dynamics. 
 
Synthesis of high quality, monodispersed CdS nanoparticles is also described. 
The quantum yield for CdS nanoparticles was found to be very good without 
passivation by a higher band gap material. Optical gain was observed in this 
material in solution at room temperature. 
 
Chapter three examines the effect of changing the size and shape of CdSe 
nanoparticles on the rate of thermalization of hot electrons. It was believed that 
electron relaxation in semiconductor nanoparticles would be very long due to 
quantum confinement, leading to the phonon bottle neck effect. This was not 
found to be the case experimentally and was thought to be due to the fact that 
electrons relax from upper states by giving off energy to the holes. We also found 
that electron thermalization gets slower when the size of spherical particles is 
increased or when the shape is changed into rod. Using femtosecond transient 
spectroscopy, chapter three also shows that electron coupling to the surface 
state is a viable mechanism for promoting rapid relaxation rates in practical type 
particles synthesized by bottom up method in colloidal solutions. This mechanism 
 xx
shows that upper state electrons relax faster than electrons in lower excited state 
due to a higher density of electrons. 
 
Chapter four shows that the probability of electrons to become trapped increases 
with increasing excitation energy by monitoring the steady state fluorescence. 
This indicates that electron trapping is more efficient from upper excited states. It 
is shown that by passivating the particles with ZnS, one can minimize surface 
traps and hence increase fluorescence quantum yield. The effect of shape on the 
fluorescence lifetime is also investigated and there is shown to be a sharp 
change in the lifetime when the particle’s aspect ratio becomes larger than 1.35. 
These results are in agreement with the previous theoretical calculations that 
energy state crossover at this aspect ratio making the transition allowed along 
the z-axis. 
 
Chapter five discusses the effect of electron-surface phonon coupling on the 
relaxation dynamics copper nanoparticles of different sizes. For the first time, the 
size dependence of electron-surface phonon relaxation in such a system was 
observed. Fluorescence was also observed and shown to be 105 times stronger 
than that observed in bulk copper. Smaller particles gave weaker fluorescence 
quantum yield which was attributed to more surface defects due to a larger 
surface to volume ratio. 
 
 xxi
Chapter six examines the observation of optical gain in high quality CdS 
nanoparticles in solution. These particles were used as synthesized without size 
selective precipitation or surface passivation. Using CdS nanoparticles can 
potentially be very useful for making lasers in the blue region. This allows a 
penetration under water where there is a transmission window. Also, solution 
suspended particles provide an added advantage for high powered laser in which 
heat dissipation can be accomplished more effectively. 
 
In chapter 7, the ultrafast rise time of the 1S state is shown to be dependent on 
the concentration of CdSe nanoparticles. First, Förster type energy transfer was 
thought to be the reason for such dependence, but the calculated distance was 
much too large (500A) for such a process to occur. The presence of a small 
amount of aggregates may show such dynamics. A number of experiments were 
carried out to show that aggregation indeed can cause a faster rise time of the 
1S state. The cause of aggregation is still under investigation. 
 
Chapter eight looks into the nature of the electron quenching site and the origin 
of bi-exponential decay for the fluorescence lifetime. Steady state fluorescence 
intensity and fluorescence lifetime are monitored under different perturbations 
and sample quality. The origin and the type of trap sites responsible for the bi-








The goal of the research presented in this thesis is to obtain a better 
understanding of the chemical and physical aspects of materials, both metallic 
and semiconductor, in the nano-size regime. These materials have shown great 
promise in a variety of applications such as high density data storage (1-4), 
LED’s (5-8), medical diagnostics (9-11), and in making high pumped power 
Lasers (12-15).  Many of these applications were realized using theoretical 
calculations, but the reality is far from an idealistic situation. Therefore, properties 
of these nanomaterials need to be determined experimentally. Theoretical 
determination of the effects of surface quality and passivation and particle size 
and shape on the optical and electronic properties may not always reflect the 
experimental results. The ultimate motivation for research in this field is to gain 
further experimental understanding of properties of nanomaterials so that their 
full potential can be realized.  
 
Synthetic techniques for a variety of metallic and semiconductor nanoparticles 
will be initially presented that have been used in order to obtain the desired 
samples needed to answer specific questions. Subsequently, work done to study 
the effect of surface quality, particle size and particle shape on the absorption, 
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emission and electronic relaxation in semiconductor nanocrystals will be 
presented. 
 
The effect of changing the aspect ratio of cadmium selenide (CdSe) particles on 
the optical properties will be presented together with the steady state and 
fluorescence lifetime measurements as a result of changing surface passivation. 
Ultimately, the effect of size on the electronic relaxation for both semiconductor 
and metallic nanoparticles will be discussed. For metallic nanoparticles, two 
different sizes, namely 12 nm and 30 nm, are studied. It is important to use 
copper nanoparticles of two different sizes in order to experimentally determine 
the contribution of surface-phonons in the electron relaxation. Some fundamental 
theoretical and experimental properties of semiconductor nanoparticles that are 
helpful in understanding the work presented herein will follow.  
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Effect of size on quantum confinement 
 
In bulk semiconductor materials, the electron and hole are bound together by a 
screened coulomb interaction to form a Mott-Wannier exciton (16). The Bohr 
radius of the exciton is given by equation 1.1: 





a h=B                                (1.1) 
Where ε is the dielectric constant and µ  is the reduced effective mass of the 
electron and hole. 
  
A strong confinement regime exists in the small nanocrystals when the radius of 
the nanocrystals is much smaller than the exciton Bohr radius. It leads to an 
increased spacing between energy levels as the size of the nanocrystals is 
decreased. As a result, the energy levels become discrete and transitions are 
only allowed between levels with the same quantum numbers (21). The band gap 
state is then given by equation 1.2 (17-21). 
 
Where gE  is the bulk band gap energy and a  is the radius of the nanocrystals. 
 
In CdSe semiconductor quantum dots, because of this quantum confinement, the 














the size of the particles as shown in figure 1-1. Murray and Bawendi (22) were 
first to show a chemical route for preparing high quality semiconductor 




Figure 1-1: Room temperature optical absorption spectra of CdSe 




Detailed experimental results are given in chapter II including modifications by 
Peng et al (23-24) where they introduced the use of CdO as a replacement for 
more expensive and very toxic dimethylcadmium. 
 
The advantages of Murray’s method are: 
1- Very narrow size distribution (nearly monodispersed). 
2- Large quantities of the material can be obtained. 
3- Soluble in most non-polar solvents such as toluene, hexane, chloroform, 
etc. 
4- The capping material Tri-octylphosphine oxise (TOPO) can be easily 
replaced with other capping materials such as pyridine, mercaptoacetic acid, 
ZnS(TOPO), oleic acid, etc. 
5- Cost effective since CdO was successfully used. 
6- Ability to control size of the nanocrystals. 
7- This method can be modified to grow different shapes of the particles such 
as rods, tripods and tetrapods. 
 
The structure of the lowest exciton state was studied experimentally using 
Photoluminescence Excitation (PLE) and Fluorescence Line Narrowing (FLN) 
techniques (25-28). Band gap fluorescence is the result of lowest excited state 
electron-hole pair recombination. Figure 1-2 shows emission spectra of different 




Figure1-2: Emission spectra of different-sized CdSe nanocrystals, from ref. 29. 




It is found that the global emission peaks show an increasing red shift from the 
first excitonic absorption peak (band gap absorption) (30). When the excitation 
energy is much higher than the energy of the absorption threshold observed in 
an ensemble quantum dot sample, a large fraction of the quantum dots are 
excited. This results in a Gaussian type emission band that is red shifted and 
explained in terms of a global stokes shift due to inhomogeneous size 
distribution. Because of its volume dominance, larger CdSe nanoparticles absorb 
most of the incident photons resulting in a red shifted emission peak (30). 
 
Semiconductor nanocrystals synthesized using the pyrolysis technique are 
normally passivated with TOPO and have quantum yields of roughly 2-10% 
indicating other non-radiative relaxation pathways due to large surface defects 
such as missing atoms (selenium vacancies), oxidized atoms, surface capping 
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and oxygen complexes (31-35). These defects can lead to a large density of 
surface states with energies below the band gap state that can quench the 
charge carrier and hence the fluorescence.  
 
Hines et al (36) provided a very important modification to minimize surface state 
defects by passivating the CdSe nanoparticles with an inorganic material of wider 
band gap, ZnS. It is suggested that by confining the charge carriers within the 
nanoparticles minimizes the possibility of coupling to the surface states is 
minimized. This could result in a large increase in the luminescence quantum 
yield.  
Figure 1-3 shows a dramatic size dependent fluorescence from ZnS passivated 




Figure 1- 3 High quantum yield, size tunable fluorescence from CdSe/ZnS 




Carrier dynamics in semiconductor nanoparticles 
 
Quantum confinement of electronic motion in semiconductor nanoparticles leads 
to quantization of its band continua of the bulk. The relaxation between the 
resulting quantized levels by electron-phonon coupling was expected to be slow 
due to the small phonon frequencies.  However, experimentally this was not 
found to be true. 
 
In a semiconductor nanocrystal, quantum confinement leads to quantization of its 
energy levels (37). The conduction band is replaced by quantized energy levels, 
similar to the molecular case. Unlike the large molecular case however, 
semiconductors do not have large vibration quanta. As a result, the electronic 
energy separations become much larger than the phonon quanta. It was then 
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expected that semiconductor nanoparticles could show a “phonon bottleneck” in 
the thermalization process of their excited electrons (35-39). However, the 
relaxation of excited electrons in semiconductor nanoparticles is found to be very 
rapid (in the subpico-to picosecond time scale), just as fast as the relaxation in 
large molecules. 
 
In order to explain the rapid thermalization of excited electrons in semiconductor 
nanoparticles, several mechanisms have appeared in the literature. The coupling 
between the electron and hole is proposed by Efros et al. (40) to transfer 
electronic excitation energy to hole excitation. The density of the hole states 
allows it to accept any amount of energy that the electron gives off in its 
thermalization process with no problem of energy mismatch.  An illustration of a 
linear Auger type mechanism proposed by Efros is shown in figure 1-4 below.  
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Figure 1-4: Diagram of the Linear Auger type mechanism in a semiconductor 




Another possible mechanism includes a nonlinear Auger process involving 
multiple electron-hole pair excitation that leads to electron-hole pair 
recombination where the energy released is used to ionize other excited 
electrons as shown in figure 1-5 (41). In our studies, we have examined different 
mechanisms by changing the size and shape of CdSe nanoparticles and 




Figure 1-5: Nonlinear Auger process (two photons absorbed per particle) 
indicating the relaxation of excited electron and the energy released is used to 




Intraband Energy Relaxation Dynamics 
 
Femtosecond broad band transient absorption can be used to study intraband 
relaxation and depopulation dynamics in semiconductor nanoparticles. It is 
shown that the electron relaxation dynamics in semiconductor nanocrystals from 
the upper states to the 1S state is very much dependent on the size of the 
nanocrystal and surface quality as well as the laser pump intensities and the 
molecules adsorbed on the surface (43-47).  
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Firstly, transient absorption spectra taken at different time intervals reveal the 
decay and growth of different bands as shown in figure 1-6. Comparing the 
transitions in the bleach spectra with that of the linear absorption spectra, B1, B2 
and B3 were assigned to 1S, 2S and 1P transitions, respectively (43-45). 
 
 
Figure 1-6: Transient absorption spectra for CdSe nanocrystals (R=4.05nm) 
recorded at different time delays between pump and probe pulses, from ref. 44. 
 
Figure 1-6 also shows that the growth of B1 is accompanied by the decay of B3 
band associated with the 1P transition. A femtosecond pump-probe experiment 




Figure 1-7 shows the time transients recorded at the positions of the 1S and 1P 
transitions for R= 4.05, 2.77 and 2.33 nm CdSe nanocrystals. For the 4.05 nm 
sample (figure 1-7(a)), the B3 feature decays with a time constant of 540fs, which 
is attributed to the depopulation of the 1P state. The B1 time transient shows 
biexponential rise with the fast initial rise being due to a biexciton effect, followed 
by a slower rise with a time constant of 530fs (44). The secondary B1 rise time is 
complementary to the decay of the B3 state and is associated with the increase 
of the 1S population, due to 1P 1S relaxation. Similarly, the rise and decay of 
other size CdSe nanoparticles are shown in figures 1-7(b) and 1-7(c). For both 
the 2.77 and 2.33 nm CdSe nanoparticles, the rise of the 1S state is 






Figure 1-7: Transient absorption dynamics recorded at the positions of the 1S 
(thick solid lines) and the 1P (thick dashed line) transitions for TOPO-passivated 
CdSe NC’s with R= 4.05 nm (a), 2.77 nm (b), and 2.33 nm (c). Thin dotted line is 
a pump-probe cross-correlation. Thin dashed lines are fits to a single-exponential 
decay (build-up) (τd and τb are corresponding time constants), from ref. 44. 
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Unless CdSe nanoparticles have near to perfect surfaces, it is very difficult to 
avoid surface contribution to the electron relaxation rates (42). At high pump 
intensity, it is very easy to excite more than 1 e-h pair per particle and therefore 
nonlinear Auger type relaxation processes would dominate the overall electron 
relaxation mechanism.  
 
The size dependent relaxation dynamics are shown in figure 1-8a below. As the 
size of the nanoparticles decreases, the rise time of the 1S state becomes faster 
(43-44). The reduction is evident in figure 1-8b where the relaxation data for five 
colloidal samples are plotted as τb against radius of the particles (R). τb shortens 
from 530 fs for R=4.1 nm to 100 fs for R=1.2 nm, roughly following a linear size 
dependence (44). This observation is reverse of what was predicted from the 
quantum size effect. When the nanocrystal’s size decreases, the energy band 
gap between the excited states increases and therefore an electron would 
require much higher energy rate loss than possible by multiphonon emission. 
This clearly suggests that the energy relaxation occurs via mechanisms other 
than electron-phonon interactions (43). The detailed nature of the energy 
relaxation processes is still unclear and more work is needed to fully understand 
these processes. Although quantum confinement is one aspect that leads to size 
dependent relaxation, we have shown that the nanocrystal surfaces also play an 







Figure 1-8: (a) The transient bleaching dynamics of the 1S state for colloidal 
CdSe nanoparticles of different size (thick lines) fit to a single exponential growth 
(thin solid lines). (b) The dependence of the 1P decay (triangles) and the 1S 




Optical properties and ultrafast dynamics of metallic nanoparticles 
 
When the electromagnetic wave interacts with metal nanoparticles, it causes a 
collective oscillation of electrons on the surface of the particles, termed surface 
plasmon resonance (48-49) (figure 1-9). Noble metal nanoparticles show brilliant 
colors which led to their use in stained glasses and decorating ornaments during 
ancient Chinese and Egyptian times (50). Recent examples stained glasses 
where gold nanoparticles were incorporated to give brilliant colors can be found 
at the cathedral of Notre Dame in Paris, France. 
 
 
Figure 1-9: Collective oscillation of electrons in spherically shaped particle due to 
its interaction with an electromagnetic field. 
 
Faraday was first to recognize the surface plasmon phenomenon  
(51) and Mie, by solving the Maxwell’s equations, was able to explain this 
phenomenon theoretically in 1908 (52). 
 
For nanoparticles much smaller than the wavelength of interacting light (<20nm), 
only the dipole approximation contributes to the extinction cross-section and 
therefore Mie theory is reduced to (48-49): 
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           (1.3) 
 
Where V is the volume of the particle, ω is the angular frequency of the 
interacting light, and c is the speed of light, and εm and ε(ω) =ε1(ω) + iε2(ω) are 
the dielectric functions of the surrounding medium and the metal, respectively.  
 
Experimentally (48), size dependence of the plasmon band is observed for 
metallic nanoparticles much smaller than 10 nm in contradiction to the above 
dipole approximation (Equation 1.3). The plasmon band is dampened and even 
disappears for very small nanoparticles (<2nm). It is argued that the dielectric 
function needs to be modified to account for the smaller particle size before Mie 
theory is applied (53). 
 
Ultrafast Dynamics: Electron-Phonon and Phonon-Phonon relaxation in 
nanocrystals 
 
Femtosecond pump-probe experiments allow one to follow the electron 
relaxation dynamics. The initially created electron distribution by femtosecond 
pulse laser is highly non-thermal, and the first relaxation step is the electron 
thermalization by electron-electron scattering, which is extremely fast in bulk 
metals (54-55).  
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The electron thermalization is followed by the energy exchange between the 
electrons and the lattice via electron-phonon coupling. Calculations show that the 
electron-phonon coupling should be size dependent due to electron-surface 
phonon contribution for gold nanoparticles in the size range of 2 to 100 nm (56) 
but was not found experimentally. (57-60) 
 
Hartland and co-workers (61) showed that the coupling between the electrons 
and the surface phonon is determined by the ratio of the number of valence 
electrons in the atom to the atomic mass of the metal. In gold, because of a small 
number of valence electrons (one) and a large atomic mass, the contribution of 
the electron-surface scattering to the overall electron-phonon scattering cross 
section is very small. We have shown that if we use metal (copper) that has a 
much smaller atomic mass than gold, we can determine the electron- surface 
phonon coupling constant as a function of particle size (62). 
 
The final step in electronic relaxation involves heat transfer to the surrounding 
medium through phonon-phonon interactions in 10’s to 100’s of picoseconds. It is 
found that the electron relaxation or the bleach recovery is faster in a more 
conductive surrounding as shown by Bigot et al (63) and El-Sayed et al (64). I will 
present the phonon-phonon relaxation dynamics in copper nanoparticles in two 




Some recent advances in the field of semiconductor and metal 
nanoparticles 
 
One of the greatest advancements in the field of semiconductor research has 
been the synthesis of high quality and monodispersed nanosized samples in 
solution (22-24, 67-69). A lot of work has been done to understand the optical 
and electronic properties of semiconductor nanoparticles as discussed above. 
The flexibility to change the passivating molecules allows one to incorporate 
these nanoparticles into various applications. Most notably, making these 
particles water soluble, by replacing the TOPO with mercaptoacetic acid has 
been useful in covalently coupling them with biomolecules (70). A class of 
nonisotopic detection labels is developed by coupling water soluble ZnS capped 
CdSe quantum dots to biological molecules. The attached molecules identify 
specific analytes, such as proteins, DNA, or viruses, through photoluminescence.  
 
Nie et al. have also embedded different size ZnS capped CdSe nanoparticles 
into polymeric microbeads at precisely controlled ratios for multicolor optical 
coding of biological assays (71).  They predict that by using 10 different intensity 
levels and 6 colors, one could theoretically code one million nucleic acid or 
protein sequences. They show that their quantum dot tagged beads are highly 
uniform and reproducible, yielding bead identification accuracies as high as 
99.99% under favorable conditions. Studies on DNA hybridization show that the 
coding and target signals can be simultaneously read at the single-bead level. 
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This spectral coding technology is expected to open new opportunities in gene 
expression studies, high throughput screening, and medical diagnostics. 
 
Similarly, Bawendi et al. have used quantum dots as bioactive fluorescence 
probes for sensing, imaging, immunoassay, and other diagnostics applications 
(72). Colloidal semiconductor nanocrystals have the potential to overcome 
problems encountered by organic small molecules in certain fluorescent tagging 
applications by combining the advantages of a high photobleaching threshold, 
good chemical stability, and readily tunable spectral properties. Combining the 
advantages of lipoic acid capped CdSe-ZnS quantum dots with facile 
electrostatic conjugation of bioactive proteins, this type of hybrid bioinorganic 
conjugate represents a powerful fluorescent tracking tool for diverse applications.  
 
Metal nanoparticles have also shown great promise for medical diagnostics and 
therapy (9, 73, 74). Halas et al. have shown that the optical properties of gold 
can be tuned by varying the shell thickness over silica spheres (75). By tuning 
the nanoshells to strongly absorb light in the near infrared, where optical 
transmission is optimal, a distribution of nanoshells deep inside the tissue can be 
used to deliver a therapeutic dose of heat by using near infrared light (74). Cells 
incubated with nanoshells were found to have undergone a change after 
exposure to near IR light.  They show an increase in temperature after irradiation 
at a 4 W/cm2 and 820 nm by 34ºC within 4-6 minutes. This temperature change 
was enough to cause irreversible damage in these cells. 
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El-Sayed et al. have taken advantage of optical tunability of gold nanorods with 
respect to the aspect ratio for cancer cell diagnostics and therapy (9). Gold 
nanorods with suitable aspect ratios can absorb and scatter light strongly in the 
NIR region (650-900 nm). The anti-epidermal growth factor receptor (EGFR) 
antibody-conjugated nanorods bind specifically to the surface of malignant type 
cells with a much higher affinity due to the over expressed anti- EGFR on the 
cytoplasmic membrane. Due to strongly scattered red light from gold nanorods in 
dark field imaging, the malignant cells are clearly identified and distinguished 
from nonmalignant cells. Laser power as low as 80 mW was found to destroy 
cancer cells incubated with gold nanorods.  
 
Using metal nanoparticles can allow site specific diagnostics and therapy and 
can prove to be very useful for medical treatment in the future. Unlike 
semiconductor nanoparticles that are believed to be very toxic, gold 
nanoparticles are much safer to use for such purposes. 
 
Semiconductor nanoparticles with their excellent optical properties and 
resistance to photobleaching are better suited for device application and for 
making high power lasers (12, 13, 15, 76). Klimov et al. have shown the 
development of optical gain in chemically synthesized semiconductor 
nanoparticles (13). Because of competing dynamical processes, they could only 
observe lasing by making CdSe films so as to minimize photoinduced absorption. 
Link et al. and Banin et al. have shown lasing from CdSe nanorods (15, 76). 
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Because the emission is red shifted from absorption, this reduces competing 
processes, therefore decreasing the gain threshold. Additionally, Link has shown 
that excitation at higher energy does not give optical gain. It is necessary to 
excite close to the band gap so as to minimize nonradiative relaxation and 
electron trapping processes from upper excited state. 
 
Peng et al. have demonstrated experimental evidence of random lasing action in 
colloidal CdS/CdSe/CdS quantum dot quantum well heterostructures at 77 K 
(77). Threshold intensity, as low as 3 W/cm2, was demonstrated with picosecond 
pulses as the excitation source and the lasing action can be seen in a broad 
spectral range. This indicates efficient gain and suppressed Auger processes in 
such colloidal CdSe quantum well system. 
 
We have shown optical gain in the blue region from high quality and 
monodispersed CdS nanoparticles in solution at room temperature.  The optical 
gain lifetime was found to be as long as 20 picoseconds under pump fluence as 
low as 0.77 mJ/cm2. The low threshold is the result of the long lifetimes of 
electrons and holes and narrow emission band width. Solution based medium 
has an added advantage for a more efficient heat dissipation and photobleaching 
(12).  
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Thesis Focus and Organization 
 
Before any studies can be done on these materials, the initial synthesis must be 
understood. Depending on the issue being addressed, the materials need to be 
selectively prepared and controlled. Chapter II, discusses different methods 
available to synthesize nanoparticles in solution. Both metallic and 
semiconductor nanoparticles are discussed in detail that were used for the 
majority of the work presented here. More importantly, the control and 
modifications over the surface quality, shape and size of both metallic and 
semiconductor nanoparticles is presented. 
 
Importance of quantum confinement on the optical and electronic properties has 
been described above. Because the particle sizes are so small, surfaces play an 
extremely important role on both the optical and electronic properties. In chapter 
III, the effect of changing the size and shape of CdSe nanoparticles on the 
bleach recovery is presented. The electron density in the core and on the surface 
of the nanoparticles decreases with increasing size. Therefore, the slower 
relaxation of hot electrons in rods is attributed to a decreased interaction 
between excited electrons and a decreased electron coupling to both the surface 
species and surface defects. 
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To support our conclusion on the increase in the electron density with the 
excitation and coupling to the surface state, chapter IV discusses the effect of 
changing the excitation wavelength on the fluorescence quantum yield and 
fluorescence lifetime. Also, the effect of passivation on the steady state 
fluorescence and fluorescence lifetime is presented. It is found that the quantum 
yield decreases as the samples are excited at higher and higher energies where 
as the fluorescence lifetime is unaffected. This suggests that the trapping of the 
excited electrons results from higher energy states and not from the band gap 
state (lowest excited state). 
 
Further more, chapter IV discusses the effect of changing the aspect ratio of 
CdSe nanoparticles. It is found that the fluorescence decay lifetimes decreases 
from ~37 ns to ~23 ns as the aspect ratio of CdSe nanorods increases above a 
critical value of 1.35. This is in accordance with the semi-empirical 
pseudopotential calculations by Alivisatos et al. that the excited electronic states 
cross at this aspect ratio allowing the transition to occur (65-66). 
 
Chapter V discusses the effect of copper nanoparticles size on the electron-
surface phonon coupling. The size dependence of the electron-surface phonon 
coupling is discovered for the first time in copper particles smaller than the mean 
free path of the electrons in copper. For gold nanoparticles, it was predicted that 
the electron relaxation dynamics would depend on the size of the particles but 
was not found to be experimentally true (57-61). Using metal nanoparticles with a 
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much smaller atomic mass, we show that the electron-surface phonon coupling is 
stronger in smaller nanoparticles. It is also found that copper nanoparticle 
fluorescence is much stronger than bulk copper metal (>10-5). Additional 
mechanisms such as electron coupling to surface defects in smaller (12 nm) 
particles is needed to explain the faster relaxation rates observed than 
theoretically predicted. 
 
In chapter VI, we show for the first time the optical gain from CdS nanoparticles 
in solution. Synthesis of high quality and monodispersed CdS nanoparticles is 
also discussed. Excellent quantum yield is observed in these particles without the 
need of surface passivation.  
 
One of the most important applications for II-VI semiconductor nanoparticles is to 
make quantum dot based lasers because they have the ability to absorb and emit 
through most of the visible spectrum of light. Klimov has shown lasing from CdSe 
nanoparticles when incorporated in films (13).  CdS particles in solution have an 
added advantage over CdSe in that they have a much wider band gap and 
therefore making a high power laser in the blue region becomes possible. Also, 
particles in solution can dissipate heat much more rapidly and the optical gain 




In chapter VIII, the effect of particle aggregation on the overall transient 
absorption dynamics is presented. It is found that the relaxation is faster when 
the samples are aggregated or when the particles form a close packed network 
in films. These results are obtained by monitoring the rise time of the 1S state 
signal. When more than one nanoparticle is involved, the excited electrons can 
relax by giving energy to the excited electrons in the neighboring particle. This 
process will become even more efficient if there are numerous particles in the 
aggregates. 
 
As prepared quantum dots have fluorescence quantum yield of about 2-10% and 
therefore one of the most important question that remains is the nature and origin 
of the electron quencher. Chapter VII will discuss the effect of photo-oxidation on 
the fluorescence and fluorescence lifetimes of CdSe nanoparticles. It is found 
that the fluorescence quantum yield decreases with increasing UV light 
irradiation. The amplitude of the fast decay component increases with decreasing 
emission quantum yield where as the decay time remains unaffected. What 
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The field of nanotechnology depends greatly on what the properties of 
nanoparticles have; this is the field of nanoscience. In order to study the 
properties of nanomaterials, one needs to be able to synthesize them in different 
sizes and shapes. 
In this chapter, the different methods that were used to make metallic and 
semiconductor nanoparticles in colloidal solutions are described. Metallic 
nanoparticles that were prepared include platinum, palladium, cobalt, and 
copper. Semiconductor nanoparticles include cadmium selenide (CdSe), 
cadmium sulfide (CdS), and cadmium telluride (CdTe). The synthetic method can 
be manipulated to grow particles from a few nanometer in size to as large as 
100’s of nanometers. The particle surfaces can be functionalized with different 
molecules during or after their synthesis. Furthermore, particles of specific 
shapes can be synthesized and controlled by changing the experimental 
conditions and by using different surfactant molecules. The synthesis of CdSe 
nanorods was particularly modified from the standard method to grow rods as 
long as 40 nm. Also, synthesis of copper nanoparticles was achieved by 
modifying experimental conditions and chemical used so as to grow different size 
particles from 10 nm to 60 nm in diameter.  
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Synthesis of high quality CdS nanoparticles is also presented. Optical 
characterization using UV-Vis absorption and fluorescence spectroscopy in 
steady state and in the transient modes together with transmission electron 







Synthesis of nanoparticles is not a new concept and dates back to as early as 
the ancient Egyptian time period. Colloidal gold nanoparticles were incorporated 
into stain glass windows giving them their brilliant colors used in windows of 
cathedrals and churches. It is believed that the Romans and Chinese used 
colloidal gold particles as well for decorating ornaments and vases (1a). Figure 2-
1 shows a photograph of stain glass inside Notre Dame Cathedral in Paris. 
These bright colors were later suggested by Faraday to be colloidal gold 
nanoparticles that were synthesized back in the 17th century (1b). Once 
transmission electron microscopy became available, it was found that the size of 
these particles is on the nanometer scale. Over the past couple of decades, 
synthesis of colloidal nanoparticles and clusters (2-20), as well as their 
applications in different fields (12, 21-30) has been one of the most active 




Figure 2-1: Gold nanoparticles deposited/incorporated on glass inside Notre 
Dame to give brilliant color effects. 
 
 
Controlling the physical size of materials can be used to tune the material’s 
properties. Because the particle’s size is smaller than the length scale of the 
properties in the bulk materials, new physical phenomena in metallic and 
semiconductor nanoparticles can be discovered. Nanoparticles have electronic 
structure which is in the transition between atomic-like, molecular and bulk-like 
structures. Electronic and optical properties of metals (31-37) and 
semiconductors (8, 9, 12, 15, 38) strongly depend on crystallite size and shape in 
the nanometer size regime.  
 
Size and shape monodispersity is very important to carefully reveal the 
dependence of the material’s properties on size or shape and therefore requires 
synthetic routes to prepare monodispersed nanocrystals. Pileni et al (2, 13, 18, 
39-41) have demonstrated shape and size control of metallic and semiconductor 
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particles in micelles by varying the surfactant concentration. Pileni has shown 
that the particle size can be controlled from 1-12 nm in diameter by varying the 
water content ([H2O]/[AOT]=w) during copper ion reduction. Figure 2-2 shows an 









Figure 2-2: Spherical and cylindrical shaped copper nanoparticles prepared by 
using [H2O]/[AOT]=44=w and spherical particles using w=4 (42). 
   
 
Reverse micelle methods have also been used to make monodispersed silver, 
gold, cobalt, cadmium sulfide and cadmium selenide nanoparticles by Pileni and 
co-workers (13, 18, 39-41). Metallic nanoparticles such as copper, gold and silver 
have been prepared by reducing the respective metal salt (or complex) in 
solution by UV light (64-69) in the presence of capping materials. Even though 
the size distribution is not as good as other known methods, the photochemical 
method does provide better control over the final average size, it is cheaper and 
simplistic in nature. 
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For most metallic nanoparticles used in catalysis, the size and shape becomes 
important in determining the rates of chemical reactions. Because of the shapes, 
the crystal facet also becomes important in determining the catalytic activity of a 
metal. Somorjai et al have done extensive work using sum frequency generation 
(SFG) experiments to show that the rate of the reactions and the final products 
depend on the type of crystal facet at the reaction surface (44-47). 
 
El-Sayed et al demonstrated shape controlled synthesis of platinum 
nanoparticles (7) by changing the concentration ratio of the capping material to 
the cations used in the reductive process in solution. Figure 2-3 shows cubic and 









Figure 2-3: TEM images of cubic (upper) and tetrahedral (lower) shape platinum 
nanoparticles, from ref. 7. 
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As discussed above, cobalt nanoparticles can be prepared using the reverse 
micelle method and recently Alivisatos et al demonstrated the synthesis of cobalt 
nanoparticles by reducing a cobalt complex (Co2(CO)8) in a hot surfactant 
solution of tri-n-octylphosphine oxide (TOPO) (48). This method provides a 
simple one step synthetic route to produce monodispersed nanoparticles. Figure 
2-4 shows a TEM image of 16nm cobalt particles prepared by Alivisatos et al. 
Since cobalt nanoparticles are magnetic and possess a high surface to volume 
ratio, these species are interesting to study and could be used as high density 




Figure 2-4: TEM image of 16 nm Cobalt nanoparticles produced by rapid 




The idea of synthesizing cobalt nanoparticles came from the synthesis of CdSe 
nanoparticles in which cadmium and selenium precursors were rapidly injected 
into hot surfactant solution of TOPO (15). This method of making semiconductor 
particles revolutionized the field of colloidal nanoparticles and nanoscience over 
the past decade. More and more researchers are using this method in order to 
make high quality and monodispersed samples. Another advantage of using 
Murray and Bawendi’s method for particle synthesis is the ability to control the 
size by merely changing the reaction temperature and/or the reaction time. The 
size of semiconductor particles can be controlled to be smaller than the exciton 
Bohr radius and therefore show quantum confinement effect. What made CdSe 
so successful was its ability to absorb and emit light through most of the visible 
region of the spectrum (15). Figure 2-5 shows the absorption spectra of different 
size CdSe nanoparticles.  The first absorption peak is from the smallest particles 
and as the particle size increases, the absorption peak shifts further and further 
to the red. Even though the synthesis, absorption and emission characterization 
was the major part of understanding the properties and the potential use of this 
system, there is still a wealth of information yet to be determined. These particles 
are very small in size and therefore large fractions of atoms are on the surface. 
For this reason, surfaces of these particles play a very important role in the 




Figure 2-5: Room temperature optical absorption spectra of CdSe 




Colloidal CdSe nanoparticles synthesized in hot surfactant solution is the best 
known method at the moment for the bottom up technique in making colloidal 
nanoparticles. The surface states and traps can still quench most of the emission 
for particles synthesized by this method (15). The surface can be improved by 
passivating CdSe with an inorganic material such as zinc sulfide (ZnS) that has a 
larger bad gap than CdSe as demonstrated by Hines et al (49). Passivation helps 
improve the particle’s surfaces from defects that could act as trapping sites for 
charge carriers or it could fill the deficiencies in electron or hole density. 
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Thus, passivation decreases the concentration of the surface traps somehow 
allowing more charge carriers to reach the band gap state and combine to give 
fluorescence. Figure 2-6 shows a 6 fold increase in the emission intensity after 




Figure 2-6:  Fluorescence of the (CdSe)TOPO (dotted line) and (CdSe) ZnS 
(solid line) nanocrystals normalized by their absorption at the excitation 





Systematic control of shape in metallic particles was demonstrated by El-Sayed 
in 1996 (7) but there were no methods to selectively control the growth of 
semiconductor particles in solution within their confinement region until Alivisatos 
et al published their findings in 2000 on making rod shape CdSe nanoparticles 
with two-dimensional confinement (19). In their method, which is an extension of 
Bawendi’s method of making spherical CdSe particles (15), they added co-
surfactants to the hot solution of TOPO. This allowed CdSe to grow faster in one 
direction resulting in a rod shaped nanoparticle. Two dimensional control affords 
researchers the opportunity to investigate fundamental properties both 
experimentally and theoretically that they would not otherwise have. Alivisatos et 
al also measured polarized emission along the c-axis of these rods (50) and later 
showed using semi-empirical pseudo potential calculations that the two excited 
energy levels crossed when the aspect ratio increased to more than 1.3. 
Because of this energy state crossover, the lowest state is now the allowed state 
to radiate polarized emission in the direction observed experimentally. 
 
Furthermore, other shapes of semiconductor nanoparticles such as tetra and tri-
pods can be synthesized (figure 2-7), though the nature of the required 
experimental conditions is still not very clear (51-54). 
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Figure 2-7: TEM images of different size CdTe tetrapods prepared by varying the 
amount of Cd:Te, from ref. 51. 
 
 
Korgel et al. used the method of preparing nanorods discussed above to grow 
semiconductor heterostructures (32). Instead of multiple injections of the same 
precursors, they injected different anions to grow sequential layers of respective 
materials.  
 
Great amount of work in the field of metallic and semiconductor nanoparticles 
synthesis and characterization has been done in our group and at other 
institutions around the world. It becomes very important to be able to make 
materials from known methods and/or by improving existing methods to 
accommodate our research needs. It’s been more than ten years since Murray 
and Bawendi first prepared high quality semiconductor nanoparticles and there 
remains plenty of opportunity to still study more of their fundamental properties 
and their compatibility with other systems and their applications.  
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Experiemntal  
2.1 Synthesis of Metallic Nanoparticles. 
 
a. Cubic Platinum Nanoparticles 
Chemicals: 
K2PtCl4 (99.99%) and acrylic acid were obtained from Aldrich. All solutions were 
prepared using doubly deionized water. Hydrogen (99.995%) purchased from 
Matheson Company was used without further purification. 
 
Catalyst Preparation: 
Preparation method of the Pt catalyst is similar to that used by Rampino and 
Nord (55) and Henglein et al. (56). 2mL of 0.01M K2PtCl4 solution is added in 
250mL of water together with 0.8mL of 1M acrylic acid. The pH of the solution 
was then adjusted to 7 with 0.1 M HCl and/or 0.1M KOH and purged with Ar for 
20 min. Pt complexes were reduced by bubbling H2 for 5 min. The solution was 
left for 24 h in the dark. For TEM imaging, a drop of final solution is spotted on a 
carbon coated copper TEM grid. Figure 2-8a and 2-8b show typical images of 
platinum nanoparticles of about 4-5 nm and 7-8 nm in size, respectively.  The 
larger particles (7-8 nm) consist of about 80% cubic shaped particles. 
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  (a) 
 
 




  (b) 
 
Figure 2-8: Cubic platinum nanoparticles (a) ~5nm and (b) ~8nm. 
 
Capping materials such as poly(acrylic acid) (7, 57) and poly-(N-vinyl-2 
pyrrolidone) (58,59) are typically used as stabilizers in making mono- or 
bimetallic nanoparticles to protect against self-aggregation of the metal 
nanoparticles. Specifically, poly(acrylic acid) can be used to control the shapes 
(tetrahedral, cubic, icosahedral) and sizes of Pt nanoparticles by changing the 
molar ratio of the capping material to the Pt cations in aqueous solution (7). 
Though the capping material has advantages that are described above, from a 
 20 nm 
 20 nm 
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viewpoint of its catalytic application, it is expected not to have a positive effect 
due to partial blockage of the active sites on the nanosized metal particle. 
Nevertheless a lot of work has been done on hydrogenation over metal 
nanoparticles in the presence of polymer (58-60). 
 
Particles prepared in a way similar to that described above and others which 
were supported on alumina were used to study catalytic activities by Yoo et al 
(61-62) in our group.  
 
b. Palladium Nanoparticles 
Chemicals: 
K2PdCl4 (99.99%) and polyacrylate were obtained from Aldrich. All solutions were 
prepared using doubly deionized water. Hydrogen (99.995%) purchased from 
Matheson Company was used without further purification. 
 
Catalyst Preparation: 
Palladium nanoparticles are prepared using a method very similar to the one 
used to make Pt (55, 56). 2mL of 0.01M K2PdCl4 solution is added to 250mL of 
water together with 1.5mL of 1M polyacrylate. The pH of the solution was then 
adjusted to 7 with 0.1 M HCl and/or 0.1M KOH and purged with Ar for 20 min. Pd 
complexes were reduced by bubbling H2 for 5 min. The solution was left for 24 h 
in the dark. For TEM imaging, a drop of solution is dropped on a carbon coated 
copper TEM grid. Figure 2-7a below show a typical image of palladium 
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nanoparticles of about 10 nm in size, figure 2-9b is 15 nm and figure 2-9c is 5 nm 
particles. 
 
                  
 
Figure 2-9: TEM image of palladium nanoparticles prepared by metal ion 




c. Copper Nanoparticles Using Reverse Micelles 
 
Sodium bis(2-ethylhexyl) sulfosuccinate Na(AOT), dissolved in organic solvents 
forms reverse micelles (41). Water is readily solubilized in polar core forming a 
so called “water pool”, characterized by w, w=[H2O]/[AOT]. Increase in the water 
content increases the size of the metal particles formed inside them.  
 
To make copper particles by reverse micelle, we need to make Cu(AOT)2 by 
exchanging sodium ions with copper ions in Na(AOT) (63). Detailed outline of the 
procedure is described below. 
 
Chemicals: 
Na(AOT) and hydrazine are obtained from Sigma. Bio-Rex 70 resin (100-200 
mesh), Na form and AG-MP-50 resin (100-200 mesh), H+ form were purchased 
from Bio-Rad. Isooctane was purchased from Fluka and used as received. 
 
Procedure for making Cu(AOT)2: 
Set up two columns as described below.  
1st Column: 
 1st column contains the resin to exchange cations that are strongly acidic. 
It is used to exchange AOT/Na into AOT/H+. 
1) Mix 75g of Bio-Rex 70 resin slowly with deionized water and put all of it in the 
column while stirring it to avoid forming air bubbles. 
2) Add water to rinse the resin until the pH of the collected water is ~7. 
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3) Prepare excess (~200mL) of 0.2M Na(AOT) in a mixed solvent (50:50 
water/ethanol). 
4) Condition the resin by adding the mixed solvent. 
5) Pour Na(AOT) slowly into the column and discard ~25mL of the first solvent 
collected. 




 2nd column contains the resin to exchange cations that are slightly acidic. 
It is used to exchange AOT/H+ into AOT/Cu2+ 
1) Mix 75g of AG-MP50 resin slowly in water and place all of it into the column. 
2) Add water to rinse the resin until the pH of the water collected is 9. 
3) Prepare excess of 0.2M of CuSO4 (~1L) in water. 
4) Add CuSO4 slowly to the column until all the sites are exchanged (can be 
monitored by measuring the absorption spectra of the original CuSO4 solution 
with the one collected from the column.) 
5) Rinse the resin with water to remove any Cu2+ from the column (Blue color 
will disappear).  
6) Condition the resin by adding the water/ethanol solvent. 
7) At this point the column is ready to receive AOT/H+ from column one. 
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The collected Cu(AOT)2 in the mixed solvent has to be evaporated and washed 
several times with the chosen solvent (Isooctane).  
 
Reduction of Cu(AOT)2 to Make Copper Nanoparticles: 
 
Measure 0.3mL of 0.1M Cu(AOT)2 into a cuvette with 0.96mL of 0.25M Na(AOT) 
and 1.74mL of Isooctane. Measure the require amount of water as needed 
depending on the w = [H2O]/[AOT] value calculated. Inject rapidly, 4.4ųL 
(excess) of hydrazine into the Cu(AOT)2 solution and shake vigorously. The blue 
tinted solution will immediately turn brown to reddish in color. The cuvette was 
allowed to sit for a couple of hours and a drop of the solution was spotted on a 
carbon coated copper TEM grid for imaging as shown in figure 2-10 for three 
different nanoparticle samples. The sizes were examined by using a JEOL 
100CX II transmission electron microscope (TEM). Figure 2-11 shows the 









Figure 2-10: TEM images of different size copper nanoparticles prepared using 
the reverse micelle method. (a) 16nm copper particles (w=10), (b) 11nm copper 
nanoparticles (w=4), and (c) ~9nm copper particles (w=1),. (d) Close look at the 






















       
 























Figure 2-11: Absorption spectra of 16 and 11nm copper NP with the plasmon 
band at 564 nm. 
 
 
Comments on the method and the particles stability: 
 
It is necessary to do the reduction of copper ions in the glove box under inert 
atmosphere. Any trace of oxygen can affect the sample and oxidize the surface. 
Also, it is critical to monitor the amount of water added. Too much water can 
cause micelles to break and aggregate the copper nanoparticles. Also, it is very 
important to wash Cu(AOT)2 carefully with isooctane to remove any trace of 
water so that it does not affect the calculated amount of water added during 
reduction.   
 




 11nm copper NP











d. Copper Nanoparticles Using Photochemical Reduction Method: 
Chemicals: 
Bis(2,4-pentanedionato)copper(II), [Cu(acac)2] and poly(N-vinylpyrrolidone) 
(PVP) were purchased from Sigma-Aldrich and Ethanol was purchased from 




The copper nanoparticles in ethanol solution are synthesized by photochemically 
reducing the commercially available precursor bis(2,4-pentanedionato)copper(II), 
[Cu(acac)2] with UV light as proposed by Giuffrida et al (64). In a typical copper 
nanoparticle synthesis, M
4105 −×  Cu(acac)2 in deoxygenated ethanol is 
irradiated at 254 nm at an intensity of 5 mW/cm-2 under anaerobic conditions. 
Growth of copper nanoparticles is monitored by the appearance of an absorption 
peak around 570 nm, which is characteristic of the plasmon band of copper 
nanoparticles (32, 39). The irradiation is stopped when a maximum value of 
plasmon absorption is observed. Copper nanoparticles prepared this way are 
very unstable. In order to increase their stability, poly(N-vinylpyrrolidone) was 
added to the solution before irradiating with UV light. This allowed the formation 
of isolated copper nanoparticles that were stable for days when left in an inert 
atmosphere. Particle size variation was very critical for our research and was 
difficult to obtain by only controlling the parameters of one-step photochemical 
reduction (such as concentration of solution, irradiation light intensity, and 
 58
irradiation time). With previously synthesized nanoparticles (about 10 nm) as 
seeds, the seed-mediated growth method was used to successfully grow copper 
nanoparticles in ethanol with an average diameter of 50 nm. 
The size and morphology were examined by using a JEOL 100CX II transmission 
electron microscope (TEM) and the linear absorption spectrum of our samples 
was measured by using a Shimadzu UV-3101-PC spectrophotometer. The TEM 
images of two samples, Cu1 and Cu2, are shown in figure 2-12a and 12b, 
respectively. The average diameters of Cu1 and Cu2, determined by measuring 
the sizes of roughly 200 particles, were 12 nm and 30 nm, respectively. The 
linear optical absorption spectrum of Cu1 and Cu2 are shown in figure 2-13. A 
nice plasmon absorption band is clearly seen in both samples with a slight blue 
shift from 568.5 nm for Cu1 to 565.0 nm for Cu2. The blue shift of the surface 
plasmon absorption of copper nanoparticles as increasing their sizes is 
consistent with the theoretical prediction made by Pileni’s group (70). By using 
the Mies’ theory and taking into account the size dependence of the dielectric 
constant ( )R2ε , they demonstrated that there is a progressive blue shift of the 
surface plasmon absorption upon increasing the size of copper nanoparticles. 
Besides the TEM images, the absorption spectra also confirm that the size of 


















Figure 2-12: Transmission electron microscope images of (a) Copper 12 nm and 
(b) Copper 30 nm particles. The measured average diameter of these 
nanoparticles was determined by measuring sizes of roughly 200 particles. In (b), 
we also observed nonspherically shaped copper nanoparticles synthesized by 
photochemical method. 
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Figure 2-13. Absorption spectra of copper nanoparticles in ethanol solution 
synthesized by photochemical reduction of the precursor bis(2,4-
pentanedionato)copper(II), [Cu(acac)2] in ethanol in the presence of PVP with 
254 nm UV radiation. The absorption around 570 nm is characteristic of the 
plasmon band of copper nanoparticles. 
 
 
Comments on the method and the particles stability: 
 
All the sample preparation and copper ion reduction needs to be done in the 
glove box. Any trace of oxygen would oxidize the particles immediately. Copper 
nanoparticles are transferred to the cuvette in the glove box and sealed tightly 
before removing. The sample is stable for weeks under inert atmosphere. 
Ethylene glycol instead of ethanol was also used as a solvent but did not form 
copper nanoparticles.  
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Dicobalt octacarbonyl (Co2(CO)8) was purchased from Strem Chemicals, trioctyl 





Synthesis of cobalt nanoparticles was carried out as described by Alivisatos et al 
(48). This method is an extension of the synthesis of CdSe nanoparticles in a hot 
surfactant solution of TOPO (15). In a typical synthesis of cobalt nanoparticles, 
0.50g of Co2(CO)8 is dissolved in 3mL of 1,2-dichlorobenzene. In a separate 3 
neck flask, 1.0g of TOPO is added with 20mL of 1,2-dichlorobenzene and 0.8mL 
oleic acid and the temperature is raised to 120˚C. At this temperature, the 
solution of Co2(CO)8 is rapidly injected into the flask. The color of the solution 
changes almost immediately from brown to greenish grey. Within 20 seconds 
from the injection time, a small portion of the sample is removed for TEM. The 
solution is heated for about 5 minutes longer (color changes to vibrant blue) and 
again a small portion of the sample is removed. Figure 2-14 shows TEM images 
of different cobalt nanoparticles samples. At early time, there is a mixture of 
spherical and rod shaped particles and after continued heating of the reaction 









Figure 2-14: TEM image of (a) 15 nm Cobalt nanoparticles, (b) shows nicely 
assembled and stacked cobalt nanoparticles, and (c) shows TEM images of 






Comments on the method and the particles stability: 
 
In order to make rods or disc shaped cobalt nanoparticles, it is very important to 
not let the reaction go for more than a minute. After this time, most of the 
particles will change to spherical in shape. The absorption spectra show multiple 
peaks in the visible region. This is likely due to some cobalt/TOPO complex 
formed during the synthesis. Ideally, the solution containing cobalt nanoparticles 
is grey in color. 
 
The sample prepared maybe washed from excess capping material and other 
impurities by adding alcohol and centrifugation and redissolving in 1,2-
dichlorobenzene. Always purge the sample with argon or nitrogen before storing 
them in the dark. 
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2.2 Synthesis of Semiconductor Nanoparticles of Different Size and Shapes. 
 




Dimethylcadmium ((CH3)2Cd), Cadmium Oxide (CdO), Trioctylphosphine Oxide 
(TOPO) (90%), Trioctylphosphine (TOP) (90%), Selenium power (100 mesh, 
99.99%), stearic acid and Hexyldecylamine (HDA) where purchased from Sigma-






Synthesis of CdSe is well documented since it was first described by Murray and 
Bawendi. (15) It has been continuously modified in order to use less toxic, less 
expensive chemicals and to get particles with better size distribution and surface 
characteristics. I have been able to synthesize CdSe nanodots using the method 
of Murray (15) as modified by Peng et al (71-72). This modified method requires 
much higher temperatures compared to the original method since 
dimethylcadmium is replaced by less reactive Cadmium Oxide (CdO). The use of 
fatty acids (stearic acid) helps CdO react much faster and also gives better size 
distribution. The typical experimental setup is shown in figure 2-15 for 

























Figure 2-15: Experimental setup for synthesizing CdSe nanoparticles. 
  
The amount of each precursor, capping materials, surfactants and temperature 
conditions can be varied from one experiment to another depending on the size, 
shape or surface quality desired. In a typical synthesis, 5 g of TOPO is preheated 
to 300˚ C with 0.20 g CdO (dimethyl cadmium was used initially before Peng 
introduced the use of CdO). After the solution become optically clear, 0.15 g Se 
dissolved in 3 ml trioctylphosphine (TOP) is quickly injected into the hot solution 
of TOPO/Cd. CdSe nanoparticles are instantaneously formed and the reaction 
flask is heated until desired particle size is obtained. Growth of the nanoparticles 
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is monitored by measuring the absorption of the aliquot during the synthesis. The 




     
















Figure 2-16: Normalized spectra of four CdSe nanoparticles samples taken at 
different intervals during the synthesis. 
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CdSe nanoparticles are washed from excess TOPO by adding alcohol 
(methanol). The addition of methanol precipitates the CdSe nanoparticles out of 
the solution which is then centrifuged and the solvent is discarded. CdSe 
particles are re-dissolved in toluene or chloroform as required. This process can 
be repeated multiple times to remove any trace of unreacted materials and 
excess capping materials. One thing to note is that excessive washing the 
sample with alcohol and redissolving in toluene can start stripping off the capping 
material on the particle’s surface, so one has to be careful as to how many 
washes the sample goes through. TEM images of CdSe particles are taken by 
spotting a very dilute sample onto a carbon coated copper grid. Figure 2-17 
shows an image of one of the synthesized CdSe samples. Sizes of the CdSe 
samples measured from the TEM images are often consistent with that 
calculated from the absorption spectra and their respective sizes provided by 







Figure 2-17: TEM Image of CdSe nanoparticles, 3.5 nm in diameter. 
 
 




Cadmium Oxide (CdO), Trioctylphosphine Oxide (TOPO) (90%), 
Trioctylphosphine (TOP) (90%), Selenium power (100 mesh, 99.99%), stearic 
acid, Hexyldecylamine (HDA), Tetradecylphosphonic acid (TDPA), and 
Hexylphophonic dichloride were all purchased from Sigma-Aldrich while toluene 







The experimental setup for making rods is similar to the one described above for 
the dots. Preparation of CdSe dots was extended by Alivisatos and co-workers 
and later modified by Peng et al to grow rod shaped particles by adding co-
surfactants such as TDPA and hexylphosphonic acid (HPA). HPA is made from 
the hydrolysis reaction of hexylphosphonic dichloride and then extracting HPA 
with diethylether.  
 
In this method, CdO is added to a solution of a binary surfactant mixture of 
TOPO and HPA. In a typical reaction, 0.5g CdO is added to 4g of TOPO and 
0.2g HPA at 300°C. 0.2g Se dissolved in TOP is quickly injected into the reaction 
flask and heated at 280°C. CdSe nanorods synthesized are washed from excess 
surfactants by the method described above. 
 
Alivisatos et al have shown (19) that they can grow longer nanorods if they let the 
reactants age from a few days to up to weeks before adding Se. In this method, 
TOPO, CdO and TDPA are heated to about 270ºC until the solution turns 
optically clear. The solution is then cooled to room temperature and stored under 
argon for 3-4 days for aging. It is believed that aging slows down the nucleation 
process which in turn results in the growth of longer rods. Images were taken 
using low resolution TEM and show pretty good size distribution of rods that are 




Figure 2-18: TEM image of CdSe nanorods that are about ~12 nm long and ~3 
nm in diameter. 
  
Single injection method allowed growing rods of about 15 nm in length. In order 
to grow rods longer than 15 nm, I used multiple injections of Se precursor after 
an initial Se injection. In this multiple injection method, excess Cd precursor is 
added to the reaction flask with TDPA/HPA and heated until the reactants turns 
optically clear. The temperature is then reduced to about 180ºC and followed by 
quick injection of TOPSe. After an initial quick injection, roughly 1 ml TOPSe is 
injected after a couple of minutes. Similar injections are repeated every two 
minutes. The Se stock solution is always less than 40% of the original reactants 
to avoid nucleation and formation of new particles. Figure 2-19 shows TEM 
25nm 
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images of CdSe nanorods as long as 40 nm in length synthesized by multiple 
injections of the precursor. Figure 2-19 (a) shows rods which are 12 nm in length 
and 3 nm in diameter. Figure 2-19 (b) shows rods which are 15 nm by 3 nm in 
sizes. 2-19 (c) shows rods shows which are 22 nm by 3 nm in size and figure 2-




Figure 2-19: TEM images of different size CdSe nanorods prepared by the multi-
injection method of TOPSe precursor. (a) Initial injection, (b) second injection (2 
minutes apart), (c) fourth injection (6 minutes after first injection) and (d) sixth 









Other shapes of nanoparticles can be synthesized by changing the monomer 
concentration. It was possible to make tri and tetrapods shaped CdSe particles 
by using high concentrations of monomers. Figure 2-20 shows a TEM image of 
CdSe particles synthesized by using four times higher HPA concentration than 
the Cd/Se concentration. It is important to monitor the growth time in order to get 
multipod shaped nanoparticles. If the reaction is run for longer times (typically, 5-
10 minutes), the particles formed are spherical in shape. The growth temperature 




Figure 2-20: TEM images of CdSe rods, tri and tetrapods. The size of the 
particles is ~20 nm in length and 3 nm in diameter. 
50nm
 73
c. Synthesis of CdS nanoparticles: 
 
Chemicals:  
Dimethylcadmium ((CH3)2Cd), Cadmium Oxide (CdO), Trioctylphosphine Oxide 
(TOPO) (90%), Trioctylphosphine (TOP) (90%), bis(trimethylsilyl)sulfide 
[(TMS)2Se] and stearic acid where purchased from Sigma-Aldrich. Toluene and 





Attempt to make CdS nanoparticles using Bawendi’s method (15) failed multiple 
times. CdS nanoparticles did not form no matter what temperature or precursor 
concentration was used. One possible reason that came to mind was that CdO 
precursor may not be as reactive as dimethylcadmium which was used in 
Bawendi’s synthesis. For this reason, instead of using more reactive cadmium 
precursor, a more reactive sulfur precursor to make CdS nanoparticles was used. 
The synthetic procedure is still similar to the one described for CdSe 
nanoparticles above. Instead of using more common sulfur and tri-n-
octylphosphine (TOP) complex to make CdS nanoparticles, 
bis(trimethylsilyl)sulfide [(TMS)2S] was used. In a typical synthesis, 0.2g CdO 
(Sigma) was added to a 3-neck round bottom flask together with 3g Tri-n-
octylphosphine oxide (TOPO) and 1g Stearic acid and are heated to 280 ˚C. 
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Once the solution in the flask became optically clear, 0.5 ml of (TMS)2S was 
rapidly added. The solution turned yellow almost immediately and the 
synthesized CdS nanoparticles were monitored using a Shimadzu UV-3101-PC 
spectrophotometer. The first absorption peak for the smaller (CdS1) was 
determined to be at 425 nm and 445 nm for the larger CdS particles (figure 2-21). 
The size and morphology were examined using a JEOL 100CX II Transmission 
electron microscope (TEM). The TEM image of CdS nanoparticles is shown in 
figure 2-22 and the particle size was determined to be 3.8 nm in diameter. This 
method allowed growth of high quality nanocrystals with excellent fluorescence 
quantum yield without the need of large band gap passivation. Detailed study on 












Figure 2-21: Absorption spectra of two CdS nanoparticle samples of 3.8 nm (red) 
and 4.8 nm (black) in diameter. 


















Figure 2-22: TEM image of 3 nm CdS nanoparticles. 
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d: Surface Passivation of CdSe with ZnS Layer 
 
Chemicals:  
DimethylZinc, TOP and TOPO were purchased from Sigma. 
Hexamethyldisilathiane was purchased from Fluka and CdSe nanoparticles were 




CdSe nanoparticles were passivated with a ZnS layer using the method of Hines 
and Guyot-Sionnest (49). In this method, dimethylzinc (ZnMe2) and 
hexamethyldisilathiane ((TMS)2S, Fluka)  were used as zinc and sulfur 
precursors, respectively. CdSe nanoparticles in toluene are heated at 60˚C under 
argon flow until most of the toluene is evaporated. 5g of TOPO is added to the 
flask and the temperature is raised to ~130˚C (figure 2-23).  Equimolar 
concentrations of ZnMe2 and (TMS)2S  are dissolved in TOP and added drop 
wise into the reaction flask. The amount of precursor added depends on the 
number of ZnS layers needed. The capped particles are washed using methanol 
and re-dissolving them in toluene. Figure 2-24 shows the emission spectra of 
CdSe nanoparticles before and after passivation. Note the increase in the 
fluorescence intensity for the dots after the particles are passivated (figure 2-
24a). Similarly, CdSe rods can also be passivated with ZnS as shown in figure 2-
24b. CdSe nanorods are much more difficult to passivated then CdSe nanodots. 
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Since reheating of the sample is required, the sample can undergo changes. 
Rods that are about 12 nm in length were successfully passivated with ZnS. 
Rods longer than 12 nm in length were much more difficult and rapidly changed 
size, shapes. To passivate rods, the temperature needs to be raised very slowly 
(few centimeter every minute to get to ~130ºC. Studies on passivated rods are 
described in chapter III. 
 
Figure 2-23: Setup for passivating CdSe with ZnS layer. 
 
 





Figure 2-24:  Band gap emission spectra of CdSe nanoparticles before and after 
ZnS passivation for Dots (a) and for Rods (b) excited at 400nm. This shows that 
passivation of rods and dots increases their band gap intensity by > 300%. 
 
 
Comments on the method and the semiconductor nanoparticles stability: 
 
The most difficult part in making cadmium containing semiconductor 
nanoparticles is to have reactive cadmium precursors. Though CdO is very 
stable, using fatty acids such as stearic acid helps react CdO rapidly at high 
temperatures. Attempts to make CdS using cadmium/stearic acid failed multiple 
times. This could be due to a more stable sulfur/TOP complex and stable 
Cd/stearic acid complex. Therefore it was necessary to use a more reactive 
sulfur precursor as described above.  
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For making CdSe rods, avoid using too much surfactant in order to avoid growing 
multi-pods shaped particles. Also, there is no need to use strearic acid when 
using HPA or TDPA during the synthesis of rods. CdO can react directly with 
these precursors to form cadmium ions. 
 
Another important factor that needs to be considered is that all the glassware, 
specially the reaction flask needs to be cleaned very carefully with acid. Even if 
the flask is always used to make CdSe nanoparticles, washing the glassware 






Experimental details for measuring Fluorescence quantum yield, Fluorescence 
Excitation and lifetimes in CdSe nanoparticle: 
 
Steady state fluorescence was measured using a PTI Model C60 steady-state 
spectrofluorometer. Fluorescence lifetime measurements were done on a Photon 
Technology Instrument (PTI GL-3300) nitrogen laser with the fundamental 
excitation at 337 nm.  
Measuring fluorescence is fairly straight forward. In order to obtain accurate 
quantum yield, the optical density of the sample needs to be very low. If the 
sample is too concentrated, there will likely be a filtering effect, lowering the 
detected emission intensity. 
 
Fast and easy way to calculate the quantum yield is to measure and adjust the 
absorption optical density of the sample and the reference dye to be the same at 
the excitation wavelength. The quantum yield is then calculated by taking the 
ratio of the area under the emission peaks of the sample and the reference dye. 
The quantum yield of the reference dye is assumed to be 1 in the above case. If 
the quantum yield is not 1 then this factor needs to be multiplied to get the actual 
quantum yield of the sample.  
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In the case, when the absorption optical densities are not the same, then 




Where Qref is the quantum yield of the reference dye, F is the area under the 
emission peak, n is the respective refractive index of the respective solvents, and 
E is the extinction coefficient (Optical density at the excitation wavelength). 
 
Measuring the excitation spectrum: 
 
Every time we collect the excitation spectra, we need to correct it for the lamp. 
First, we need to make a correction file by using a high concentration rhodamine 
B dye as a photon counter. Using a flat cuvette at 45º, we get the correction file 
as shown in figure 2-25.  
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Figure 2-25: Excitation spectrum obtained using quantum counter. 
 
 
The sharp peak at 467 nm is the characteristic peak of the xenon lamp and is 
visible in all excitation spectra collected and therefore needs to be corrected. 
Figure 2-26 (a) shows the uncorrected excitation spectrum of CdSe 
nanoparticles, and figure 2-26 (b) shows the corresponding corrected spectrum. 
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Figure 2-26 (a) shows the uncorrected excitation spectrum of CdSe dots and (b) 




The excitation spectrum can be corrected for by taking the ratio of the raw 
excitation spectrum to that of the correction spectrum. 
 
Fluorescence lifetime measurements: 
 
Fluorescence lifetime measurements were taken by using a PTI GL-3300 
nitrogen laser with the fundamental excitation at 337 nm. The excitation 
wavelength can be changed by using the desired laser dye. A list of dyes and the 
formula for making correct concentrations to generate a specific wavelength can 
be found at http://www.exciton.com. 
 
During instrument startup, it is necessary to purge it with nitrogen to remove any 
trace of air before increasing to high voltage. Once, the recommended voltage is 
reached and the instrument is still misfiring the laser shot, do not increase the 
voltage. It is better to purge longer until consistent laser shots are achieved. If 
purging does not help, it maybe because the electrodes have become dirty with 
carbon deposits. At this point, these electrodes may need cleaning. Cleaning 
instructions maybe found at http://www.pti-nj.com/manual_gl-3300.html. One 
thing to note is that, when putting the electrodes back after cleaning, the distance 
between them needs to be adjusted exactly as specified. If the distance is not 








Nanoparticles synthesis has tremendously advanced in the past couple of 
decades and a variety of materials are produced either on substrates or in 
solution. Particles produced in solution can have very narrow size distribution 
and can also be produced in large quantities compared to lithographic and laser 
ablation techniques. This provides an added advantage for practical use. A 
variety of metallic nanoparticles such as copper, cobalt and platinum of different 
sizes and shapes using different techniques have been shown. Furthermore, the 
synthesis of different sizes and shapes of semiconductor nanoparticles is also 
presented. Particle’s properties can easily be manipulated during or after the 
synthesis by controlling their sizes and surface properties depending on the 
capping materials used. 
 
One very important thing to learn from making different nanomaterials is that 
there is no perfect method. There is always room for improvement and one can 
only get better at making nanomaterials is by doing it over and over again and 
applying different techniques. Making metallic and semiconductor particles using 
different methods gives us broader view of different parameter that effect certain 
synthetic procedure and hence the final product. It makes it easier to apply 
methods already learned into making other nanomaterials or improving existing 
methods as I have shown for making long CdSe rods, different size copper 
nanoparticles and also making high quality CdS nanoparticles. Making 
monodispersed nanoparticles does not only depend on the precursors or the 
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temperature used, but also depends on the injection times of the precursors and 
the reaction quenching time. 
 
After sample preparation, storing the samples under right conditions also 
becomes very important. The best way for longer shelf life, it is necessary to 
purge the sample with inert gas and tightly seal the vial carefully and store the 
sample in the dark. For semiconductor nanoparticles, drying the sample 
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CHAPTER III 
WHY IS THE THERMALIZATION OF EXCITED ELECTRONS IN 
SEMICONDUCTOR NANOPARTICLES SO RAPID? Studies on CdSe 
Nanoparticles† 
Abstract 
Quantum confinement of electronic motion in semiconductor nanoparticles leads 
to quantization of the conduction band continuum of the bulk.  The relaxation 
between these levels by electron phonon coupling was expected to be slow due 
to the small phonon frequencies. Several mechanisms have been previously 
proposed. These mechanisms as well as new ones have been tested by studying 
the decay of the bleach observed at the band gap absorption and upper excited 
state absorption of CdSe nanodots and nanorods, passivated and unpassivated 
with and without the surface absorption of hole acceptor and at different laser 
powers. The results are found to be best understood if one considers the 
changes in the electron density of the excited electron in the core (thus affecting 
the nonlinear Auger processes) and on the surface (thus affecting relaxation via 
coupling to surface defects or adsorbed molecules). 
 
† Qusai Darugar, Christy Landes, Stephan Link, Alexander Schill, Mostafa El-
Sayed; Chem. Phys. Letters, 2003, 373, 284-291. 
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Introduction 
In large polyatomic molecules, nonradiative electronic relaxation from upper 
electronic excited states to the lowest excited state is usually very rapid, about 
four orders of magnitude faster than allowed radiative processes.  This is the 
reason for the general observation that emission usually takes place from the 
lowest electronic excited state (band gap state). Due to its large energy 
separation from the ground state, relaxation from the band gap state to the 
ground state has a small nonradiative rate for transferring its electronic excitation 
energy to a large number of vibrational degrees of freedom. The fact that the 
energy separation between different electronic excited states is usually smaller 
than that between the lowest excited state and the ground state makes their 
electron-phonon  relaxation  so much faster (1).  This enables very few quanta of 
the large vibrations (2000-3000cm-1), to thermalize the electron in the upper 
state. Furthermore, the fact that the molecules and the surrounding media have 
small vibrations assist in making up for any energy mismatch between the 
electronic energy and the energy of the few large vibrational modes involved. 
 
In bulk semiconductors, highly excited electrons in the conduction band also 
thermalize very rapidly (2).  The reason for this is that the electron has continuum 
values of energy and can thus give the phonon bath one quantum at a time 
(which is a highly probable process) and cascades rapidly to the band gap state. 
If there is an impurity having quantized energy level structure in a bulk 
semiconductor, its excited electron relaxes very slowly.  The reason for this is 
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that the electronic excitation energy is much larger than the single phonon 
energy of a semiconductor (~300cm-1).  It could require tens of phonon quanta to 
be transferred simultaneously to relax the excited electron energy from an upper 
to a lower level.  As a result, the electronic relaxation of the excited electron of 
the impurity could have a long relaxation time.  This is known as “phonon 
bottleneck (3).” 
 
In a semiconductor nanocrystal, quantum confinement leads to quantization of its 
energy levels (4).  The conduction band is replaced by quantized energy levels, 
like the molecular case. Unlike the large molecule case, semiconductors do not 
have large vibration quanta.  As a result, the electronic energy separations 
become much larger than the phonon quanta.  It was then expected that 
semiconductor nanoparticles could show phonon bottleneck in the thermalization 
process of their excited electrons (5).  However, the relaxation of excited 
electrons in semiconductor nanoparticles is found to be very rapid (in the 
subpico-to-pico second time scale) as fast as in large molecules.  What 
vibrations and what electronic mechanisms are involved in relaxing the electronic 
excitation in a semiconductor nanocrystal has been the topic of many research 
papers (6) and will be that of this report.  
 
In order to explain the rapid thermalization of excited electrons in semiconductor 
nanoparticles, several mechanisms have appeared in the literature.  The 
coupling between the electron and hole is proposed by Efros (7) to transfer 
 95
electronic excitation energy to hole excitation.  The high density of the hole states 
allows it to accept any amount of energy the electron gives off in its 
thermalization process with no problem of energy mismatch.  
 
In the dynamic studies of semiconductor nanoparticles (6, 8-11), femtosecond 
pulses are used.  Under these conditions, the probability of absorbing more than 
one photon per particle is high.  Nonlinear Auger (12) processes involving 
multiple electron-hole pairs lead to electron-hole recombination where the energy 
released is used to ionize other excited electrons. Klimov (13) has experimentally 
examined these processes at different amounts of absorbed energies per 
particle. Nozik (6, 15) and his group have shown that hot electrons in III-V 
nanoparticles are excited or captured at the surface or the interface of the 
nanoparticles.   
 
In the present report, the effect of changing the size and shape of CdSe nanodot 
into nanorod, the effect of capping the nanoparticle, and the effect adding a hole 
acceptor on the rate of the bleach recovery monitored at the band gap absorption 
region (at 560nm) and at higher excitation energy (470nm) are examined for 
CdSe nanoparticles.  The observed changes in the nonlinear and the linear 
relaxation rates are found to be generally explained by the quantum mechanical 
predicted changes in the excited electron density in the particle core and on its 
surface, respectively. These results suggest that Nonlinear Auger and coupling to 
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CdSe nanospheres were prepared using the method of Murray and Bawendi (16) 
as modified by Peng et al (17, 18). In this modified method, dimethylcadmium is 
replaced by less toxic CdO precursor. In a typical synthesis, 0.5g CdO (Strem) is 
loaded into a 3-neck flask with 4g trioctylphosphine oxide (TOPO, Aldrich) and 2g 
stearic acid (Aldrich) and heated to 320°C. At this temperature, the reddish 
brown solution turns optically clear. 0.2g selenium dissolved in 4ml 
trioctylphosphine (TOP, Aldrich) is then quickly injected to the reaction flask and 
CdSe nanocrystals are instantaneously formed and the reaction flask is heated 
until desired particle size is obtained. CdSe nanocrystals are washed from 
excess TOPO by washing with methanol and then redesolving the particles in 
chloroform. CdSe nanoparticles were passivated with ZnS layer using the 
method of Hines and Guyot-Sionnest (19). In this method, dimethylzinc (ZnMe2, 
Aldrich) and hexamethyldisilathiane ((TMS)2S, Fluka)  were used as zinc and 
sulfur precursors respectively. To the previously prepared CdSe nanoparticles, 
ZnMe2 and (TMS)2S  dissolved in TOP is drop wise added at ~130º C. The 
capped particles are once again washed using the method discussed above. 
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CdSe nanorods were prepared by using the method of Alivasatos et al (20) as 
modified by Peng (17). In this method, CdO is added to a solution of a binary 
surfactant mixture of TOPO and hexylphosphonic acid (HPA). In a typical 
reaction, 0.5g CdO is added to 4g of TOPO and 0.2g HPA at 300°C. 0.2g Se 
dissolved in TOP is quickly injected into the reaction flask and heated at 280°C. 
CdSe nanorods synthesized are washed from excess surfactants by the method 
described above. 
 
Freshly prepared CdSe particles were analyzed by a Hitachi HF-2000 field 
emission transmission electron microscope operating at 200 kV. Optical 
characterization was done using Shimadzu UV-3101PC UV-VIS-NIR scanning 
spectrophotometer and PTI Model C60 steady-state spectrofluorometer. 
 
For the amine studies, n-butylamine (Aldrich) was added to the CdSe samples in 
concentrations of ~0.2 M.   
 
Femtosecond transient experiments were performed using an amplified Ti:Saph. 
laser system (Clark MXR CPA 1000) pumped by a ND-YVO ring loss (Coherent 
Verdi 5W) laser.  This produces laser pulses of 100 fs (FWHM) with energies of 
~1 mJ at 810 nm with a 1 kHz repetition rate.  A small part of the fundamental 
was used to generate a white light continuum using a 1 mm sapphire plate. 405 
nm light generated by second harmonic generation was used for excitation.   The 
excitation beam was modulated with an optical chopper (HMS 221) yielding an 
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excitation frequency of 500 Hz.  The probe light was split into signal and 
reference channels.  After passing the monochromator (Acton Research) both 
beams were detected with photodiodes (Thorlabs).  The kinetic traces were 
collected using sample-and-hold unit and lock-in-amplification (Stanford 
Research Systems).   
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Results and Discussion 
a. The effect of adsorption of hole acceptor* 
In collaboration with Dr. Christy Landes. 
 
The effect of adsorption of hole acceptor is shown in figure 3-1. This figure shows 
the bleach recovery monitored at the maximum of the band gap absorption 
(560nm) of CdSe quantum dots (a) and quantum rods (b) with and without the 
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Figure 3-1.  Bleach decay dynamics of dots (a) and rods (b) alone and in the 
presence of n-butylamine excited at 400 nm and monitored at the band edge at 
555 nm. When amine is adsorbed to the particle surface, the band-edge bleach 
decays more quickly for both dot and rod samples.    
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Since hole relaxation is known to be 10 times faster than electron relaxation (21), 
bleach recovery rate thus measures the rate of excited electron relaxation. The 
observed results in figure 3-1 thus suggest a more rapid excited electron 
relaxation when the amine is adsorbed on the surface of the nanoparticle. Thus 
for both systems, the amine seems to increase the rate of the band edge 
relaxation.  
 
The above results do not support the electron-hole mechanism (7). A hole 
acceptor is expected to decrease the concentration of excited holes in the 
nanoparticle. This will decrease the electron-hole coupling probability and is thus 
expected to decrease the relaxation rate of the excited electron. An explanation 
of the increase in the thermalization rate by the adsorption of amine could be the 
coupling of the excited electrons with its electronic system. This allows the 
excited electron of the nanoparticle to give its energy to the different large 
vibrations of the amine, which makes the relaxation in the nanoparticle-amine 









b. The effect of size and shape changes 
 
Klimov and coworkers (13) have shown that increasing the radius of the quantum 
dots decreased the nonradiative rate of P S excited state relaxation process in 
CdSe quantum dot by the nonlinear Auger mechanism. This is in agreement with 
previous theoretical and experimental studies (14) on CdS in glass in which the 
ionization rate from Auger processes are found to increase as the nanodot size 
decreases.  
 
Figure (3-2a) shows the decay of the excited electrons in the band gap state of 
the nanodots (4nm) and nanorods (12x4nm). In these studies, the solution 
concentration of each sample is adjusted to an optical density of ~1 at the 
excitation wavelength (400nm).  It is clear that in 100ps a larger fraction of the 
excitation (the bleach) recovers faster for the dot than for the rod at the same 
laser excitation energy. For example at 7nJ, 40% of the excitation recovers in 




Figure 3-2.  The bleach recovery in 100ps for Dots (a, c) and Rods (b, d) 
monitoring at the band gap absorption wavelength, 560nm (a, b) and at higher 
energy, 470nm (c, d) as a function of the laser pulse energy. This figure shows 
that the electron relaxation in the dot (4nm) is faster than in the rod (12nm x 4nm) 
for both the band gap and higher exited state. It also shows that relaxation of the 
higher excited state (470nm) is faster than at the band gap state (560 nm). In 
addition, the relaxation increases as the pulse energy increases due to more 
contribution of the Auger mechanisms. 
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Similarly at 200nJ, 74% of the excitation recovers in the dot while only 54% of the 
excitation recovers for the rods. Thus the relaxation rate is smaller for the rod 
than for the dot in the linear and the nonlinear region, i.e. at low and at high laser 
powers respectively.   
 
It is assumed that at a standard optical density of 1 at the excitation wavelength, 
the rod should absorb at least as many photons per particle as the dot, because 
ε should scale with the volume.  Thus for similar optical density, a rod would be 
expected to have a higher probability of non-linear Auger effects, and thus a 
larger contribution from the faster relaxation component.  This is opposite to the 
observed results.  This strongly suggests that both the linear and non-linear 
electron relaxation in the rod are intrinsically slower than that in a dot of similar 
diameter.   
 
From the size and shape dependence studies, one main conclusion can be 
made. It is clear that as the nanoparticle volume increases, the relaxation rate of 
its excited electron decreases. This might be explained if the Auger mechanism 
is operative as follows. The nonlinear Auger mechanism depends on two terms in 
the Hamiltonian. The first term represents an electron-electron repulsion term: 
e2/ε(ri-rj); where ε is the dielectric constant. The second term represents the 
electron-hole attraction and has the form, -e2/ε(ri-rj). While the rate of the energy 
released in the electron-hole process is determined by the square of the second 
term, the rate of the electron relaxation is determined by the square of the 
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electron-electron repulsion (first) term. As the volume increases; the electron 
density of the charge carrier decreases and the distance between the interacting 
charge carriers increases. This leads to a decrease in the interaction energy 
leading to the coupling, whose square determines the relaxation probability. It is 
thus expected that the Auger rate decreases as the size of the nanodot increases 
or as the quantum dot changes its shape into a quantum rod of the same 
diameter (i.e. of larger volume) as has been observed for the CdSe nanodots.  
  
       
c. Linear Relaxation mechanisms 
 
It is possible that the Auger process is a strong participant in the relaxation even 
at low energies. However, let us examine the effect of volume or shape changes 
on the linear mechanism. Trapping of the electron is a viable mechanism of its 
relaxation. Another surface mechanism is one that involves coupling the excited 
electron with the electronic system of large molecules that have both large and 
small vibrations that thus can act as an effective heat bath.  
Using wavefunctions obtained from solutions to the free-particle Schrödinger 
equation under spherical and cylindrical boundary conditions (22), the average 
location of excited electrons within spherical and rod shaped nanoparticles was 
estimated.  Specifically, the fraction of the excited electron on the surface of a 
nanoparticle (within a shell 0.2 nm thick around the nanoparticle) has been 
calculated for nanoparticles of different sizes and shapes as a function of 
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excitation.  Figure 3-3a shows that the fraction of the excited electrons at the 
surface depends upon the diameter of the nanoparticle and the degree of 
excitation. As the particle diameter increases from 3 nm to 4 nm, the fraction of 
the excited electron at the surface of the spheres and the rods drops by about 50 
percent for any given excited state.  Excitation of the electron from the ground 
state to the tenth excited state increases the fraction of the electron at the 
surface from ~2 percent to ~15 percent in a 3 nm sphere.   
 
In addition to the fraction of the excited electron at the surface, it is also 
interesting to consider the electron density at the surface.  Figure 3-3b shows 
that the density of excited electrons has a very strong dependence on the volume 
of the particle.  For a sphere and rod of a given diameter and a given excited 
state, the rod will have a lower density of excited electrons at the surface as a 















Figure 3-3.  Quantum mechanical prediction of the fraction of the excited electron 
(a) and the excited electron density (b) at the surface of nanoparticles of various 
shapes and sizes.  Results were obtained from calculations using the 
wavefunctions for a free-particle under spherical and cylindrical boundary 
conditions (In Collaboration with Mr. Alexander Schill) 
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As the aspect ratio of a nanoparticle of a given diameter increases, the density of 
excited electrons near the surface decreases. In this way, a long rod-shaped 
nanocrystal 3 nm in diameter will have less electron density at the surface than a 
3 nm spherical particle. 
 
The coupling to the defects, to other surface trapping sites, to the capping or 
other thermalizing adsorbed molecules on the surface is proportional to the 
square of the interaction energy between the excited electron and the electronic 
system of the surface species. This in turn is proportional to the electron density 
of the excited electron in the surface shell. It is thus expected that surface 
relaxation mechanisms increases in probability: 1) as the volume of the quantum 
dot decreases; 2) as the aspect ratio of the rod decreases or, 3) as the excitation 
level increases in energy. This is in agreement with the experimental results 
discussed above.  
 
The dependence on the excitation level is observed if one compares the bleach 
recovery at 470nm (Fig. 3-2c) and at the band gap wavelength (Fig. 3-2a). For 
the quantum dots, excitation at 400nm with pulse energy at 7 and 200nJ 
monitored at 470nm is found to recover in 100ps to the extent of 59% and 95%, 
respectively. Similar excitations but monitored at the band gap absorption is 
found to recover to the extent of 40% and 74% in the same amount of time 
(100ps). This shows that the rate of bleach recovery is faster when higher excited 
states are monitored. In both cases, excitation with higher pulse energies causes 
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a higher percentage of recovery in a shorter time. This is due to the larger 
contribution of the Auger mechanism at higher laser powers (pulse energies). 
 
It should be pointed out that the Auger process could benefit from the fact that 
the excited electron has a nonzero contribution at the surface. The ionization of 
one of the electron could be much faster if the ionized electron is trapped by a 
surface species. In this case, the energy needed for ionization will be reduced by 
the electron affinity of the trapping species as well as by the interaction energy 
between the negatively charged surface species and the positively charged 
nanoparticle resulting from the ionization of one of its electrons. 
 
 d. Effect of Passivating the Surface: 
 
The effect of surface passivation on the deep trap emission and the quantum 
yield of the band gap emission was first demonstrated by Hines and Guyot-
Sionnest (19). The passivation was carried out by covering the CdSe nanodots 
with ZnS, which has a larger band gap energy. 
 
Figure 3-4 compares the effect of passivation on CdSe quantum dot (4nm) and 
quantum rod (12nm x 4nm). In both cases, the quantum yield increases by > 
300%. For the smaller quantum dots, unpassivated particles showed deep trap 
emission which disappeared upon passivation. The interesting result was that 
while the observed yield increased by > 300%, the emission lifetime increased by 
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only ~15 percent. This suggests that the large increase in the quantum yield by 
passivation results from the increase in the population of the band gap excited 
state by eliminating electron trapping from higher excited states, and not by 
eliminating nonradiative processes involving excited electrons in the band gap 
state. This is consistent with the quantum mechanical results in figure 3-3 which 
shows that higher excited states have higher electron density on the surface and 
are thus more susceptible to trapping, especially as the particle size become 
smaller. Support of this conclusion can be derived from previous studies by 
Landes et al (23). In this report it is found that while the unpassivated 3.2nm 
CdSe nanodots have only band gap emission (with no deep trap emission), the 
2.2nm dots show both types of emissions while the very small 1.2nm nanodots 




Figure 3-4.  Band gap emission spectra of CdSe nanoparticle before and after 
ZnS passivation for Dots (a) and for Rods (b) excited at 400nm. This shows that 
passivation of rods and for dots increases its band gap 





A detailed study is carried out on the effect of different perturbations (such as 
changing the volume by changing the shape, passivating the surface or by 
adsorbing hole acceptors on it) on the linear and nonlinear thermalization of hot 
and band gap excited electrons in CdSe nanoparticles. From the results, a 
number of conclusions are made.  
 
It is found that the electron-hole coupling mechanism cannot explain the 
observed results on the effect of adding hole acceptors on the surface. Being 
small, however, allows the excited electron in a nanoparticle to have nonzero 
amplitude on its surface. This increases its coupling to adsorbed molecules, traps 
or defects. These surface species can be an excellent heat bath for the linear 
thermalization processes or trapping sites for the ionized electrons in the 
nonlinear Auger process or the highly excited electrons in the linear process. The 
change in the excited electron density in the core by changing the nanoparticle 
volume (as the size or shape changes) can explain the dependence of the rate of 
the Auger process on these perturbations. The quantum mechanically predicted 
changes in the excited electron density on the surface with size, shape or by 
exciting different excited states is found to explain the observed dependence of 
the relaxation rate in these nanoparticles on these different perturbations.  
 
I would like to thank the National Science foundation, Division of Material 
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EFFECT OF SHAPE, SURFACE PASSIVATION AND WAVELENGTH OF 
EXCITATION ON THE NONRADIATIVE PROPERTIES OF CdSe 




We have studied the effect of capping the surface of CdSe nanodots with a 
material of larger band gap energy (ZnS) on their fluorescence quantum yield 
(QY) and lifetimes. We also studied the effect of changing the excitation 
wavelength on the steady state fluorescence emission intensity and lifetimes of 
these different samples. Additionally, the effect of changing the aspect ratio of 
CdSe nanorods on the fluorescence lifetime is presented. We observed that the 
fluorescence quantum yield, but not the lifetime, decreases as the excitation 
wavelength decreases. The quantum yield is found to increase by almost 400% 
after capping the CdSe core with a ZnS shell, while the fluorescence decay times 
change by <10% in dots and in rods. The quantum yield is found to decrease as 
the excitation wavelength decreases. These results suggest that surface trapping 
from higher energy excitation states leads to the observed quenching and that 
the probability of trapping increases as we increase the energy of the hot 
electron (i.e. as the excitation energy level above the band gap increases).  
Furthermore, we found that the fluorescence decay lifetimes decreases as the 
aspect ratio of CdSe nanorods increases above a critical value of 1.35. This is in 
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accordance with the semi-empirical pseudopotential calculations (1) that show 
that the excited electronic states cross at this aspect ratio, allowing a change in 






Murray and Bawendi first published the synthesis of high quality CdSe 
semiconductor nanoparticles via chemical routes (2). This stimulated an active 
study of their physical and chemical properties as a function of different 
perturbations. Semiconductor nanoparticles have unique optical and electronic 
properties that make them potentially useful in a wide range of applications (3-7). 
CdSe nanoparticles become more interesting within the II-IV family of 
semiconductors for their ability to absorb and emit light through most of the 
visible spectrum simply by changing their size (2-4). The surfaces of these 
particles play a very important role in both their optical and electronic properties 
when the particle size is in the nanometer length scale. When the electrons are 
excited to higher energies, the relaxation of these excited electrons is greatly 
influenced by the surface quality, surface capping molecules, size of the particles 
and the degree of excitation (2, 3, 10, 16). In order to avoid electron trapping or 
mixing of the electronic wave functions of the nanoparticles with that of the 
surrounding medium or to the capping molecules, it is shown that capping 
nanoparticles with a material of a larger band gap such as ZnS can minimize 
surface effects (10). While the observed static fluorescence increases by 
changing or passivating the particle surface with higher band gap materials, little 
work has been done to understand the effect on the optical dynamics in such 
systems after passivation.  
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Alivisatos et al. have shown that the synthesis of CdSe nanodots can be altered 
to grow rod shaped nanoparticles (11). This provides a whole new direction for 
researchers to study the effect of particle elongation, both experimentally and 
theoretically, on their radiative and nonradiative properties. Alivisatos et al 
observed changes in the polarized emission of these elongated nanoparticles at 
a certain aspect ratio (length/width) (15). Using semi-empirical pseudopotential 
calculations, they found that the polarized emission is a result of having two high 
energy states (4px,y and 4pz) crossover for particles that have an aspect ratio 
larger than 1.3 (1). The fluorescence is thus found to be polarized along the long 
axis. We explain our fluorescence lifetime results as a crossover between two 
high energy states, as explained by Alivisatos. 
 
Little work has been carried out to explain the effect of particle shape on the 
fluorescence lifetime. In the present work, we carried out a detailed study of the 
fluorescence lifetime as a function of the aspect ratio of the rods. The effects of 
varying ZnS passivation and excitation wavelength on the emission quantum 




Two different methods were used to synthesize CdSe nanoparticles. 
Dimethylcadmium was used as a cadmium precursor for synthesis of dots and 
rods to study the effect of shape and aspect ratio on the fluorescence lifetime. 
CdO was used for the synthesis of particles used to study the effect of ZnS 
capping on emission quantum yield and fluorescence decay lifetimes. Typically, 
CdSe nanospheres were prepared using the method of Murray and Bawendi, 
were dimethylcadmium was used (2). In this method, dimethylcadmium is 
dissolved with selenium in trioctylphospine (TOP, Aldrich) and injected into a hot 
surfactant solution of trioctylphosphine oxide (TOPO, Aldrich). The above method 
modified by Peng et al. replaces dimethylcadmium with less toxic CdO as the 
precursor (8.9). In a typical synthesis, 0.5 g CdO (Strem) was loaded into a 3-
neck flask with 4 g trioctylphosphine oxide and 2 g stearic acid (Aldrich) and 
heated to 320°C. At this temperature, the reddish brown solution turns optically 
clear. At ~280˚C, 0.2 g selenium dissolved in 4 ml trioctylphosphine (TOP, 
Aldrich) was quickly injected into the reaction flask and CdSe nanocrystals were 
instantaneously formed. The reaction flask was heated until the desired particle 
size was obtained. CdSe nanocrystals were washed from excess TOPO with 
methanol and then redesolved in toluene.  
 
CdSe nanoparticles were passivated with ZnS using the method of Hines and 
Guyot-Sionnest (10). In this method, dimethylzinc (ZnMe2, Aldrich) and 
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hexamethyldisilathiane ((TMS)2S, Fluka)  were used as zinc and sulfur 
precursors, respectively. To the previously prepared CdSe nanoparticles, ZnMe2 
and (TMS)2S  dissolved in TOP was added drop wise at ~130º C. The capped 
particles were once again washed using the method discussed above. 
 
CdSe nanorods were prepared by using the method of Alivasatos et al (11). This 
method is similar to that described above with the addition of co-surfactants 
hexylephosphonic acid (HPA) and tetradecylphosphonic acid (TDPA). The 
presence of co-surfactants allows a faster growth rate of particles in one 
direction, forming rod shaped particles. Rods can also be synthesized using the 
method modified by Peng et al. where CdO is used (9).  Ideally, cadmium and 
selenium precursors were added at 280˚C and left to grow until the desired sizes 
were obtained. The synthesized CdSe particles were washed from excess 
surfactants by the method described above. 
 
Freshly prepared CdSe particles were analyzed by a Hitachi HF-2000 field 
emission transmission electron microscope operating at 200 kV. Optical 
characterization was done using a Shimadzu UV-3101PC UV-VIS-NIR scanning 
spectrophotometer and PTI Model C60 steady-state spectrofluorometer. 
Fluorescence lifetime measurements were done on the PTI GL-3300 nitrogen 
laser with the fundamental excitation at 337nm. All the optical measurements 





a. Effect of changing the aspect ratio on the fluorescence lifetimes of CdSe 
nanorods: 
 
The aspect ratios of the rods were determined by using TEM and ranged from 
1.35 to 4.15 (NR1.35, NR2.0, NR2.9, NR3.35, and NR4.15) with respective band gap 
absorptions at 490nm, 528nm, 535nm, 557nm and 573nm. The sizes of the 
nanorods are given in table 4.1.  
 
Figure 4-1 shows the normalized absorption and fluorescence decay curves for 
five rod samples and a dot sample of 3.0 nm. The emission decay lifetimes for 
the dot sample and the NR1.35 are much longer than the rest of the rod samples 
studied. The fluorescence time decay for the dot sample and NR1.35 are 38 ns 
and 36 ns, respectively. The fluorescence lifetime becomes shorter as the aspect 





Figure 4-1: Absorption spectra of CdSe nanospheres (D0) and 5 nanorod 
samples (NRA.R) (a), and the corresponding fluorescence decay lifetime spectra 
(b). The fluorescence lifetime is much slower for NR1.35, similar to the dot sample, 
where as the fluorescence decay lifetime becomes faster for rods with an aspect 
ratio of 2.0 and larger. 
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b. Effect of passivation on the quantum yield and lifetimes of the band gap 
emission of 3.8 nm quantum dots: 
 
Figure 4-2 shows the absorption and emission spectra of the uncapped dots (D0) 
and dots passivated with ZnS (the extent of the ZnS capping increases in the 
order D1 D3) with their band gap absorption at ~565 nm. The band gap 
absorption shifts slightly from 560 nm for the unpassivated sample to 568 nm for 
the most passivated sample. Figure 4-2b shows that the fluorescence quantum 
yield increases by 4 fold for the capped particles.  Emission quantum yield 
increases with the extent of capping but with excessive capping (for D3), the 
quantum yield begins to decrease. The decrease in quantum yield is explained 
by Klimov in terms of lattice mismatch between the CdSe and ZnS layers. After 
excessive ZnS capping, the lattice mismatch between ZnS and CdSe results in  
an increase in the interfacial defects or dislocations that act as trapping sites for 
































Figure 4-2: (a) Absorption spectra of uncapped CdSe nanodots (D0) and capped 
dot samples (D1 D3). D1 is not fully capped with ZnS and D2 and D3 are 
samples with increasing capping respectively. (b) Emission spectra of the 
samples in (a). Fluorescence intensity increases greatly with increasing capping 
for D1 and D2 but starts to decrease again for D3, which has the largest amount 
of capping.









































Fluorescence lifetimes of capped and uncapped quantum dots are shown in 
figure 4-3 with the decay times of ~27 ± 0.5 ns for the capped dots and ~25 ± 0.5 
ns for the uncapped dots. Although passivating the surface increases the 
































Figure 4-3: (a) Emission spectra of passivated (black) and unpassivated (blue) 
CdSe nanodots (3.8nm). (b)Corresponding normalized fluorescence lifetime 
decay spectra for passivated (black) and unpassivated (blue) dots. The 
fluorescence decay times are similar for these samples though the emission 
intensities of passivated samples are greatly enhanced. 
 













































c. Effect of excitation Wavelength on the fluorescence and lifetime of CdSe 
nanoparticles: 
  
The effect of excitation wavelength on the band gap emission and lifetime of 
CdSe nanodots of 3.0 nm in diameter was studied and is shown in figure 4-4. 
The optical density of the sample was maintained at ~ 0.1 for each excitation 
wavelength used. The emission intensity is higher when the sample is excited 
close to the band gap state and decreases as the sample is excited at higher 
energies. Fluorescence lifetime spectra of CdSe nanodots excited at 
wavelengths close to the band gap (520 nm) and at higher energies (337 nm) are 
shown in figure 4-4b. The decay times are measured to be about 30 ns for both 
excitations. 
 
The effect of excitation wavelength on the emission intensity of a passivated and 
an unpassivated sample is shown in figure 4-5. For both samples, the optical 
density at the excitation wavelength is kept constant at 0.1. The relative decrease 
in the emission intensity is greater for the unpassivated sample than for the 
passivated sample at the two excitation wavelengths studied. For the 
unpassivated sample, the emission decreases by a factor of 2.85 whereas it only 
decreases by a factor of 1.15 for the passivated sample (for excitations at 490 








Figure 4-4(a): Effect of excitation wavelength on the band gap emission of 
uncapped CdSe nanodots of 3.5 nm in diameter. Optical density was adjusted to 
0.1 where the sample was excited. (b): Normalized fluorescence lifetime spectra 
of CdSe nanodots excited at 337nm and 520nm wavelength of light. For both 
wavelengths, the decay rates are the same (~30ns), indicating that the 
fluorescence mechanism is not affected, but only the quantum yield decreases 
when excited at higher energies. 
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Similarly, for passivated samples, the fluorescence emission is higher when the 
sample is excited close to the band gap and decreases with decreasing 
excitation wavelength. Figure 4-5 shows the emission spectra at two excitation 
wavelength for passivated and unpassivated samples. 
 




















Figure 4-5: Emission spectra of passivated (strong emission) and unpassivated 









A number of CdSe rods are studied to understand the effect of the aspect ratio 
on their radiative lifetimes. In the samples studied, CdSe spheres and the rod 
sample with an aspect ratio of 1.35 have fluorescence lifetimes of about 37 ns. 
As the aspect ratio of the nanorods increases above 1.35, the fluorescence 
lifetime becomes shorter, around 23 ns, and becomes insensitive to the aspect 
ratio. There is a slight change in the fluorescence lifetimes once the aspect ratio 
is greater than the critical value of 1.35. These dramatic changes in the 
fluorescence lifetimes of CdSe nanoparticles can be explained in terms of 
changes in the electronic states as the particles change shape from spheres to 
rods (figure 4-6). Semi-empirical pseudopotential calculations show that the 
energy levels cross as the aspect ratio increases and it is this crossover between 
the highest occupied levels (4px.y and 4pz) that leads to a sharp change in the 
linear polarization of the emission along the long axis ( z direction) at an aspect 
ratio of about 1.3 (1). For similar reasons, some of the electronic transitions that 
are not allowed in spheres and rods with aspect ratios less than ~1.3 become 
allowed for longer rod, which leads to faster decay rates.  
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         Aspect Ratio 
Figure 4-6: The energy change of the band edge levels versus aspect ratio for 
3.0 nm. Notice the crossing of Px,y (1σ(uГ9)) and Pz (1σ(uГ7)) at aspect ratio of 
1.35, from ref 1. 
 
The effect of surface passivation on the fluorescence quantum yield can be 
understood in terms of surface defects or free cadmium or selenium ions on the 
surface that can act as trapping sites for the charge carriers en route to the band 
gap emitting state. Thus passivation of CdSe nanoparticles with materials of 
lager band gaps, such as ZnS, prevents trapping of the charge carriers by the 
surface during their relaxation from upper excited states en route to the lowest 
excited state. This leads to an increase in the probability of the charge carrier 
recombination and hence the quantum yield increases. 
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Upon exciting the electrons to a high energy state (337 nm), passivation 
increases the fluorescence quantum yield by almost 300%, but the fluorescence 
lifetime is not greatly affected. This suggests that the surface traps are not 
effective in trapping the electrons in the lowest excited state that give rise to the 
fluorescence. Instead, it is more effective in trapping the charge carriers relaxing 
from the upper excited states on their way to the emitting state. This reduces the 
density of the electrons (or holes) reaching the band gap state. Thus the number 
of electrons and holes that combine (giving rise to fluorescence) decreases. For 
this reason the quantum yield decreases but not the fluorescence lifetime as 
those charge carriers relaxing to the band gap state decay with normal band gap 
emission lifetime. About an 8% change in fluorescence lifetime could be due to 
the change in the environment of the sample after being capped with ZnS and/or 
due to a change in the sample quality during capping since reheating is required. 
We can also conclude that the electrons are predominantly trapped from the 
higher excited state since the fluorescence lifetime is not affected after 
passivating the surface with ZnS as shown in figure 4-3. 
 
To further show that electronic trapping occurs mostly from higher excited states, 
we measured the fluorescence quantum yield as a function of the excitation 
wavelength. Figure 4-4a shows the emission spectra of unpassivated CdSe 
nanoparticles excited at three different wavelengths.  
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For all three wavelengths, the absorption optical densities were adjusted to be 
the same (0.1) at the excitation wavelengths in order to excite the same number 
of electron-hole pairs. The emission increases by almost 300% when the sample 
was excited close to the band gap and decreases as the energy of the excitation 
energy of the light increases. This shows that some electrons are trapped and do 
not make it to the lowest excited state to give fluorescence if excited to higher 
electronic state. This is consistent with the study of the fluorescence lifetimes of 
CdSe nanoparticles when excited close to the band gap and at the higher excited 
state.  
 
Figure 4-4b shows the fluorescence lifetimes of CdSe nanoparticles when the 
sample is excited at 337 nm and 520 nm light. The fluorescence lifetimes for both 
excitation wavelengths are calculated to be about 30 ns. This again shows that 
the band gap fluorescence mechanism does not change with excitation 
wavelength and therefore further validates the proposal that the electrons are 
trapped predominantly from higher excited states and not from the band gap 
state. That is why the emission quantum yield increases with decreasing 
excitation wavelength, but the band gap fluorescence lifetime is unaffected.  
 
 
Figure 4-5 shows the effect of different excitation wavelengths on the emission 
yield of passivated and unpassivated CdSe nanodots. Emission yield for both the 
passivated and unpassivated CdSe nanoparticles decreases with increasing 
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excitation energy. One thing to note is that the fraction of emission loss for the 
two excitation wavelengths used is greater for the unpassivated sample (2.85) 
than for the passivated sample (1.15). This shows that the electron trapping 
probability is greater for unpassivated samples because of the presence of more 
trapping sites due to bad surface and organic capping molecules attached 
directly to the CdSe nanoparticles. 
 
Figure 4-7(a) shows the emission spectra of passivated and unpassivated CdSe 
nanoparticles with excitation at 500nm. Figure 4-7b shows the absorption spectra 
of CdSe nanoparticles together with excitation spectra of the two samples in 
Figure 4-7 (a). The excitation spectra are normalized at the band gap state to 
show that the emission is weaker when excited at higher energy than when 
excited close to band gap state. This supports the proposal that trapping of the 
excited electrons in the unpassivated sample at higher excited state is higher 
than in the passivated sample. This shows that passivating the surface of CdSe 
nanoparticles with a larger band gap material is effective in reducing the amount 
of traps at the surface even though there is still a significant amount of energy 





























Figure 4-7 (a): Emission spectra of passivated (black) and unpassivated (red) 
CdSe nanoparticles. (b) In black and red are the excitation spectra of the 
corresponding samples of whose emission are given in 7a with the same color. 
The green spectrum is the absorption spectrum of 4.0 nm unpassivated sample.  
 



















The conclusion that electrons are getting trapped more efficiently from higher 
excited states is in agreement with the previous theoretical discussion (16) by our 
group that showed that the excited electrons at high energies have larger 
densities at the surface (where the traps are located) than the lower excited 
states. 
 
Figure 4-8 shows a simple illustration of the mechanism of electron relaxation for 
a capped and uncapped sample and how it leads to a change in quantum yield.  
 
Figure 4-8 Schematic showing the mechanism of electron relaxation in 
passivated and unpassivated CdSe nanoparticles and upon high energy 
excitation. Electrons are more likely to be trapped in unpassivated samples or 




We have presented the results of detailed studies on the optical and dynamic 
properties of CdSe nanoparticles of different shape, size and surface properties 
under varying experimental conditions. We have shown that the fluorescence 
lifetime changes dramatically for samples with aspect ratios larger than 1.3. 
According to the theoretical calculations (1) this is due to the interchange of two 
excited states at this aspect ratio which was observed previously in the changes 
in the polarization behavior (15). We have also showed that the fluorescence 
quantum yield of CdSe nanorods and nanodots is greatly increased when the 
sample is passivated with a ZnS layer. Though the emission quantum yield is 
enhanced for passivated particles, the fluorescence lifetime is unaffected. This 
suggests that quenching from higher excited energy levels is taking place. 
Furthermore, the fluorescence quantum yield decreases as the excitation 
wavelength decreases below that of the band gap state. These two results 
suggest that trapping of the charge carriers is more probable from the higher 
excited states than from the band gap state. This conclusion is in agreement with 












Size of the nanorods. 
NR1.35 = 2.2+/- 0.5 X 3.0 +/- 0.8 
NR2.0  = 2.5+/- 0.5  X  5.0 +/- 1.4 
NR2.9 = 3.0+/- 0.6 X 8.0 +/- 1.7 
NR3.35 = 3.3+/- 0.8 X 11.0 +/- 1.8 








 (1) Hu, J.; Wang, L.; Li, L.; Yang, W.; Alivisatos, A. P. J. Phys. Chem. B, 2002, 
106, 2447-2452. 
(2) Murray, C. B.; Norris, D. J.; Bawendi, M.G. J. Am. Chem. Soc., 1993, 115, 
8706. 
(3) Brus, L. Appl. Phys. A, 1991, 53, 465. 
(4) Alivisatos, A.P. Science, 1996, 271, 933. 
(5) Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P. Science, 1998, 
281, 2013-2016. 
(6) Chan, W. C. W.; Nie, S. Science, 1998, 281, 2016-2018. 
(7) Klimov, V. I.; Mikhailovsky, A. A.; Xu, S.; Malko, A.; Hollingsworth, J. A.; 
Leatherdale, C. A.; Eisler, H.-J.; Bawendi, M. G. Science, 2000, 290, 314-317. 
(8) Peng, Z. A.; Peng, X.  J. Am. Chem. Soc. 2001, 123, 183. 
(9) Peng, Z. A.; Peng, X. J. Am. Chem. Soc. 2002, 124, 3343. 
 (10) Hines, M.; Guyot-Sionnest, P. J. Phys. Chem. 1996, 100, 468. 
(11) Peng, X.; Manna, L.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A.; 
Alivasatos, A. P. Nature, 2000, 404, 59. 
(12). Schlegel, G.; Bohnenberger, J.; Potava, I.; Mews, A. Physical Review 
Letters, 2002, 88, No. 13, 13740-1. 
(13) Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, 
H.; Ober, R.; Jensen, K. F.; Bawendi, M. G. J. Phys. Chem. B 1997, 101, 9463-
9475. 
 137
(14) Wu, F.; Zhang, J. Z.; kho, R.; Mehra, R. K. Chemical Physics letters, 2000, 
330, 237-242. 
(15) Hu, J.; Li, L.; Yang, W.; Manna, L.; Wang, L.; Alivisatos, A. P. Science, 
2001, 292, 5524, 2060-2063. 
(16). Darugar, Q.; Landes, C.; Link, S.; Schill, A.; El-Sayed, M. A., Chem. Phys. 
Lett., 2003, 373, 284. 
 138
CHAPTER V 
SIZE DEPENDENT ULTRAFAST ELECTRONIC ENERGY RELAXATION AND 




The energy relaxation of the electrons in the conduction band of 12 and 30 nm 
diameter copper nanoparticles in colloidal solution was investigated using 
femtosecond time-resolved transient spectroscopy. Experimental results show 
that the hot electron energy relaxation is faster in 12 nm copper nanoparticles 
(0.37 ps) than in 30 nm copper nanoparticles (0.51 ps), which is explained by the 
size-dependent electron-surface phonon coupling. Additional mechanisms 
involving trapping or energy transfer processes to the denser surface states 
(imperfection) in the smaller nanoparticles are needed to explain the relaxation 
rate in the 12 nm nanoparticles. The observed fluorescence quantum yield from 
these nanoparticles is found to be enhanced by roughly five orders-of-magnitude 
for the 30 nm nanoparticles and four orders of magnitude for the 12 nm 
nanoparticles (relative to bulk copper metal). The increase in the fluorescence 
quantum yield is attributed to the electromagnetic enhancement of the radiative 
recombination of the electrons in the s-p conduction-band below the Fermi level 
with the holes in the d bands due to the strong surface plasmon oscillation in 
these nanoparticles.  
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Furthermore, effect of solvent on the long time phonon-phonon relaxation in 30 
nm copper nanoparticles is also studied in solvents with different thermal 
conductivities. The optical density of the sample in each solvent was ~1.0 at the 
plasmon absorption. It is found that the phonon-phonon relaxation is faster in 
ethylene glycol, a more conductive solvent than in ethanol. 
 
† Qusai Darugar, Wei Qian, Marie-Paule Pileni and Mostafa. A. El-Sayed; Journal 




The study of electronic and optical properties of metallic nanoparticles is 
presently one of the most active areas of nanoscience and technology. The 
results have attracted more and more attention from experimentalists, theorists 
and technologist during the last decade (1-12). There are several motivations 
from both scientific and technological points of view which drive the intensive 
investigations of both static and dynamic electronic/optical properties of metallic 
nanoparticles. First, it is possible to discover new physical phenomena in metallic 
nanoparticles. Metallic nanoparticle has electronic structure which is in the 
transition between atomic-like and bulk-like structures. Many phenomena related 
to the properties of electronic wave function, such as electronic and thermal 
transport (13-15), the interaction processes of the elementary excitations (16,17), 
and the coupling between elementary excitations with the environment (18,19), 
will be different in metallic nanoparticle with respect to those present in the 
corresponding isolated atoms and bulk metal. Second, the metallic nanoparticles 
have numerous potential applications ranging from optical waveguides to 
biosensor (20-22). The basis for most of the potential applications of metallic 
nanoparticles is their unique localized surface plasmon resonance (LSPR) and 
scattering due to the excitation of collective oscillation of the electrons in the 
conduction band. For example, the LSPR oscillations can tremendously enhance 
the local electromagnetic field making  it possible to use surface enhanced 
spectroscopy for single molecule detection (23,24). 
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Physical properties of nanoparticles could be tailored by simply controlling their 
size and/or shape (10,25,26). This fact lead an intense research to understand 
the dependence of the physical properties on the size and shape (10,25,27-33). 
For steady-state absorption spectra, it is well known that both the LSPR 
frequency and linewidth depend on the nanoparticle size and shape and this 
dependence could be explained using classical electrodynamics theory (25). 
According to this theory, if the metallic particle size is comparable to or smaller 
than the mean free path of the conduction electrons in the bulk, the electrons will 
be scattered by the surface (25), then both the dielectric function of particle which 
determine LSPR frequency and the phase-coherence time of the collective 
excitation which determines the LSPR linewidth become size and shape 
dependent.  
 
With the advancement of ultrafast laser spectroscopy, it is possible to study the 
nonequilibrium relaxation dynamics of excited conduction electrons in metallic 
films and nanoparticles (13,34-40). The large difference in the heat capacity of 
the electrons and the lattice makes it possible to create a significant temperature 
rise of the electrons with respect to the ionic lattice in metallic nanoparticles by 
irradiating them with a sufficiently short laser pulse. Before irradiation, the 
electrons are located in the energy states below the Fermi level. Immediately 
upon irradiation, the energy is transferred to the electrons by absorption of 
photons via interband and intraband transitions. This quasi-instantaneous 
excitation of multi-electrons is a coherent collective excitation process, where the 
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phase memory is conserved between the electromagnetic field and the newly 
occupied electronic states. According to Fermi-Dirac statistics, the excited 
electrons are in a non-thermal distribution. The relaxation process of the non-
thermally distributed electrons starts with the rapid thermalization of electrons via 
electron-electron (e-e) scattering on a time scale of tens of femtoseconds. At this 
point the electrons tend to have a Fermi-Dirac distribution with a well defined 
temperature that depends on the incident laser intensity. Following thermalization 
of electrons, electrons relax by transferring energy to the lattice via electron-
phonon (e-ph) coupling on a timescale of subpicosecond to several picoseconds. 
This forms a new thermal equilibrium of the electron-lattice system. The energy is 
finally dissipated throughout the surrounding matrix by phonon-phonon coupling. 
This process corresponds to the heat transfer from the metal nanopaticles to the 
environment and therefore it is expected to be dependent on the thermal 
conductivity of the surrounding medium.  
 
From the above, it is obvious that there has been considerable interest in 
obtaining a comprehensive understanding of the electron energy relaxation 
dynamics in metallic nanoparticles. This research enables us to gain insight into 
several elementary processes, such as e-e scattering and e-ph coupling in 
systems with sizes between those of isolated atoms and the bulk metal. These 
processes are the source of a wide range of phenomena in solid state physics. 
For example, e-e scattering plays an essential role in optical, electronic, and 
magnetic properties of disordered metallic systems. Electron-phonon coupling is 
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of major importance to laser-induced transformation of materials (41), selective 
heating in condensed phase and biological system (42), and governs the 
formation of the superconducting state in both conventional and high-transition-
temperature superconductors (43,44). It has been predicted that due to the 
reduced dimensionality, the surface phonon modes (both acoustic and capillary) 
increase the energy transfer between the electrons and the lattice in metallic 
nanoparticles and the electron energy relaxation rate should increase with 
decreasing the size of the particles (45,46). 
 
Extensive work has been carried out on several different noble metal 
nanoparticle systems by examining particle size effects on electron energy 
relaxation. Logunov (47,48) from our group studied thiol modified gold 
nanoparticles with diameters of 1.9, 2.6, and 3.2 nm in toluene. Link et al (49) in 
our group reported on 9 and 50 nm diameter gold nanoparticles in aqueous 
solutions. Hartland’s group (5,30,39) obtained data on both 10 and 50 nm silver 
and 4.6 to 120 nm gold particles in aqueous solution. None of these papers 
reported any effect of particle size on the electron energy relaxation rates and all 
of the e-ph coupling constants were found to be similar to the corresponding bulk 
values. However, for very small silver nanoparticles in dielectric matrices with 3 
to 10 nm diameters, Bigot and Del Fatti have observed an increase of the 
relaxation rate when the particle size is decreased (31,32). The results are 
interpreted as size-dependent coupling between the electrons and surface 
phonon modes and energy transfer to the dielectric matrix. As far as we know, 
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there has not been a report of size dependent electron energy relaxation in large 
noble metal nanoparticles with diameters larger than 10 nm. The reason for the 
few observations of size dependent electron energy relaxation is due to relative 
small contributions of surface phonon modes to the total e-ph coupling. For gold 
nanoparticles with a diameter as small as 2 nm, calculations (33) show that the 
contribution of the electron scattering from the surface phonon modes is less 
than 10% of the total e-ph processes. The contribution of the surface phonon 
modes to the total e-ph coupling is determined by the ratio of free electron 
density to the metal density ( ρ/n ), which is proportional to the valence of the 
metal divided by its atomic mass (29,33). The values of ( ρ/n ) for gold, silver, 
and copper are 1211006.3 −× g , 1211057.5 −× g , and 1211046.9 −× g , respectively. So 
electron-surface phonon coupling should be much stronger in copper 
nanoparticles than in gold and silver nanoparticles. Therefore, copper 
nanoparticles may offer a better test system to detect the effects of coupling to 
the surface phonons on the electron energy relaxation by studying the effect of 
the size on the e-ph relaxation time. 
 
In this paper, we present time resolved transient absorption data for copper 
nanoparticles with diameters of 12 nm and 30 nm. Analysis of the data shows 
that conduction electron energy relaxation is faster in 12 nm copper 
nanoparticles than in 30 nm copper nanoparticles. Our result could be interpreted 
by including contribution of size-dependent electron-surface phonon modes 
coupling. Furthermore, additional coupling of the excited electron to surface 
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imperfections is necessary to account for the observed relaxation rate of the 
excited (hot) electrons in 12 nm nanoparticles. We have also observed strong 
fluorescence from the 30 nm particles and weak fluorescence from the 12 nm 
copper particles. Fluorescence quantum yield in the particles we studied is found 






a. Photochemical synthesis of copper nanoparticles 
 
Copper nanoparticles are more easily oxidized than gold and silver 
nanoparticles, which make the synthesis of stable copper nanoparitlces to be 
more difficult. Currently, only very few methods have been reported on the 
preparation of copper nanoparticles in solution (50,51). The copper nanoparticles 
in ethanol solution used in this paper are made by photochemically reducing a 
commercially available precursor bis(2,4-pentanedionato)copper(II), [Cu(acac)2] 
with UV light as proposed by Giuffrida et al. (51). In a typical copper nanoparticle 
synthesis, M4105 −×  Cu(acac)2 in deoxygenated ethanol is irradiated at 254 nm 
at an intensity of 5 mW/cm-2 under anaerobic conditions. Growth of copper 
nanoparticles is monitored by the appearance of an absorption peak around 570 
nm, which is characteristic of the plasmon band of copper nanoparticles (27,50). 
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The irradiation is stopped when a maximum value of plasmon absorption is 
observed. Copper nanopaticles prepared this way are very unstable. In order to 
increase their stability, poly(N-vinylpyrrolidone) was added to the solution before 
irradiating with UV light. This allowed the formation of isolated copper 
nanoparticles that were stable for days when left in an inert atmosphere. Particle 
size variation was very critical for our research and was difficult to obtain by only 
controlling the parameters of one-step photochemical reduction (such as 
concentration of solution, irradiation light intensity, and irradiation time). By using 
previously synthesized nanoparitcles (about 10 nm) as seeds (seed-mediated 
growth method), copper nanoparicles in ethanol with an average diameter of 30 
nm were successfully grown. 
 
The size and morphology were examined by using a JEOL 100CX II transmission 
electron microscope (TEM) and the linear absorption spectrum of our samples 
was measured by using a Shimadzu UV-3101-PC spectrophotometer. The TEM 
images of two samples, Cu1 and Cu2, are shown in figure 5-1a and 5-1b, 
respectively. The average diameters of Cu1 and Cu2, determined by measuring 
the sizes of roughly 200 particles, were 12 nm and 30 nm, respectively. The 
linear optical absorption spectrum of Cu1 and Cu2 are shown in figure 5-2. A 
nice plasmon absorption band is clearly seen in both samples with a slight blue 
shift from 568.5 nm for Cu1 to 565.0 nm for Cu2. The blue shift of the surface 
plasmon absorption of copper nanoparticles as increasing their sizes is 
consistent with the theoretical prediction made by Pileni’s group (52). By taking 
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into account the size effect of dielectric constant ( )R2ε , using the Mies’ theory, 
they have demonstrated that there is a progressive blue shift of surface plasmon 
absorption upon increasing the size of copper nanoparticles. Besides the TEM 
images, the absorption spectrum also confirm that the size of Cu2 is larger than 






Figure 5-1. Transmission electron microscope images of (a) Copper 12nm and 
(b) Copper 30nm particles. The measured average diameter of these 
nanoparticles was determined by measuring sizes of roughly 200 particles. In (b), 
we also observed nonspherically shaped copper nanoparticles synthesized by 
the photochemical method. 
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Figure 5-2. Absorption spectra of copper nanoparticles in ethanol solution 
synthesized by photochemical reduction of the precursor bis(2,4-
pentanedionato)copper(II), [Cu(acac)2] in ethanol in the presence of PVP with 
254 nm UV radiation. The absorption around 570 nm is characteristic of the 







b. Steady-state fluorescence 
 
The steady-state fluorescence spectra were obtained using a PTI Model C60 
Steady-State Spectrofluorometer with an arc lamp source and a photomultiplier 
detection system. Copper nanoparticles were excited with a 337 nm emission 
from a xenon arc lamp and fluorescence spectra were taken from 540 nm to 660 
nm with 1 nm spectral resolution and a 500 ms integration time. The 
fluorescence quantum yield of copper nanoparticles was determined by 
comparing their fluorescence intensities with the fluorescence of Rhodhamine 
6G, assuming 100% quantum yield for Rhodhamine 6G. 
 
c. Femtosecond transient time resolved absorption apparatus 
 
Time resolved transient absorption experiments performed with a femtosecond 
laser system have been described elsewhere (53). Briefly, an amplified Ti-
Sapphire laser system (Clark MXR CPA 1000) is pumped by a frequency-
doubled Nd:Vanadate  laser (Coherent Verdi). This generates laser pulses of 100 
fs duration (fwhm) with energy 1 mJ at 800 nm and a repetition rate of 1 kHz. The 
femtosecond laser pulses of 800 nm are frequency doubled in a 1 mm BBO 
crystal to generate 400 nm pump pulses. A small portion of the fundamental 
pulse (about 40 µj) was used to generate a femtosecond white light continuum in 
a 1 mm sapphire plate, which was used as the probe. The range of the 
femtosecond continuum was from 400 nm to 1100 nm. The pump beam traveled 
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through a computer controlled variable optical delay line with a resolution of 3 um 
(20 fs) and was mechanically chopped at a frequency of 500 Hz by a 
synchronous light beam chopper (HMS 221). A master clock generated by Clark-
MXR DT 505 was used to set the chopper frequency and phase. The pump and 
probe beams were focused and overlapped at the sample with a diameter of 
about 250 um. In order to minimize noise due to fluctuations in the intensity of the 
white light continuum, a reference beam was split-off from the probe beam before 
the sample. Both the reference beam and transmitted signal beam were focused 
into an optical fiber cable coupled to a monochromator (Acton Research). After 
passing the monochromator, the signal and reference beams were detected by 
two matched photodiode (Thorlabs)-boxcar integrator (Stanford Research 
System, SR 250) systems. The output from the signal boxcar was divided by the 
output from the reference boxcar with an analog divider. A lock-in amplifier 
(Stanford Research System SR 530), referenced to the synchronous chopper 
monitored the output of the divider. The induced changes of the sample 
absorption were probed at the peak of the LSPR absorption by measuring the 
differential transmission LtTTtTTtT offoffon )(/))((/)( α∆−=−=∆  as a function of 
the temporal delay between the pump and probe. Here, )( offon TT  refers to the 
transmission with (without) the pump beam and L  is the interaction length 
between the pump (probe) pulse and the sample. The high stability of our 
femtosecond laser system and phase lock technique permit high sensitivity 
measurements with a noise level for ( TT /∆ ) in the 10-4 range. The cross-
correlation between the pump beam and probe beam at the peak of the LSPR 
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absorption of our samples had a FWHM of 180 fs at the sample position. All the 
experiments reported below were completed at room temperature with pump 





Results and discussion 
 
The differential transmission TT /∆ measured for the 12 nm diameter copper 
nanoparticles in ethanol solution (Cu1) excited at 400 nm with the probe 
wavelength set to the plasmon band maximum (568 nm) is shown in figure 5-3. 
Each trace corresponds to different incident pump pulse energy. By looking 
carefully on the rise of transient bleach signal, we could find that the buildup time 
of the signal is clearly longer than the FWHM of our instrument response function 
(180 fs). This phenomenon has been previously observed and is ascribed to the 
internal thermalization of the hot electrons4,10,38.  The relaxation process of 
electrons from the non-thermally distribution to Fermi-Dirac distribution via 
electron-electron (e-e) scattering varies  from 5 to about 500 fs, depending on the 
intensity and the frequency of the pump laser pulse (39,54).  For the processes 
of energy relaxation of Fermi-Dirac distributed electrons in metallic nanoparticles, 
it can be described as two-exponential decays (3).  
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Figure 5-3. The differential transmission TT /∆ measured in 12 nm diameter 
copper nanoparticles (Cu1) with the probe wavelength set to the maximum of the 
plasmon band (568 nm). The different traces correspond to different pump pulse 
energies. The inset shows the dependence of the signal maximum on the pump 
pulse energy. The signal amplitude is linearly proportional to the pump pulse 
energy, confirming that the transient transmission is dominated by linear free 
electron absorption and that nonlinear absorption is negligible. 
 
 
The fast contribution, in the picosecond time scale, is due to the relaxation of hot 
electrons through coupling with the phonons (lattice). The slow contribution that 
decays on a time scale of hundreds of picoseconds is due to relaxation involving 
the surroundings (phonon-phonon coupling). The ratio between slow contribution 
and fast contribution is increased as the pump pulse energy increases. In our 
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experiment, due to the low pump power (the maximum pump pulse energy is 38 
nJ), it can be seen in figure 5-3 that the ph-ph coupling contribution to the total 
transient transmission is less than 1% and is negligible in the following data 
analysis. The inset of figure 5-3 shows the signal maximum under different pump 
pulse energies. The signal amplitude is found to be proportional to the pump 
pulse energy, suggesting that the transient transmission is dominated by the 
induced changes of the linear free electron absorption and that nonlinear 
absorption is negligible. The normalized traces of the transient transmission 
signals in figure 5-3 are shown in figure 5-4.  
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Figure 5-4. The normalized traces of the transient transmission signal shown in 
figure 5-3. It is clear that the e-ph coupling process depends on the pump pulse 
energy. A reliable value of electron phonon coupling constant g can be obtained 
by extrapolating the lifetimes measured at different pump powers to zero pump 
power. The intercept is given by gT /0γ .
 The inset shows an example of this 
extrapolation procedure. 
 
It is clear that the e-ph coupling process depends on the pump pulse energy. 
This effect has been studied and is usually interpreted in terms of the two-
temperature-model (TTM) (30,39). Essentially, it is the linear increase of the 
electronic heat capacity with the electron temperature that causes the hot 
electron energy transfer rate between the electrons and phonon baths to be 
dependent on the pump pulse energy. In TTM, the electrons and phonon baths 
form two sub-systems of the metal, each characterized by a different heat 
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capacity and temperature. The time evolution of the electron and lattice 
temperatures eT  and lT can be described by the following pair of coupled 
















∂ .      (5.2) 
Where eC  and lC  are the electronic and lattice heat capacities. 
eee TTC γ=)( ( 6.96=γ  Jm
-3K-2 for copper) is proportional to the electron 
temperature as long as eT  is much smaller than the Fermi temperature, which is 
in the order of 104 K. The first term on the right-hand side of the Eq. (1) 
represents thermal-conductivity losses and κ  is the thermal conductivity. Within 
the time scale used in the present work (few picoseconds after excitation), the 
thermal conductivity is thought to have negligible contribution and this term could 
be ignored. The second term in the Eq. (1) represents electron and lattice 
temperature coupling through the e-ph coupling constant g, which is independent 
of temperature. Heating due to the incident optical pulse is accounted for by the 
source term ),( trA . When the pump intensity is low, as the situation was in our 
experiments, the temperature change in the electron gas is small, and the 
relaxation time is given by gTT /)( 0 ∆+γ  according to equations (5-1) and (5-2), 
where 0T  is the ambient temperature and T∆  is the initial electronic temperature 
increase of electron subsystem induced by the pump laser pulse after internal 
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thermalizaiton of non-thermal electrons via electron-electron scattering. A reliable 
value of g can be obtained by extrapolating the lifetime measured at various 
pump powers to zero, where the intercept is given by gT /0γ (30,39). The inset in 
figure 5-4 shows an example of this extrapolation procedure.  
 
The primary aim of this paper is to understand how the electron energy relaxation 
depends on the copper nanoparticle size. Figures 5-5(a)-(c) compare the 
transient transmission signal of Cu1 and Cu2 under pump pulse energies of 9.5 
nJ, 19 nJ, and 38 nJ.  
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Figure 5-5. (a)-(c) comparison of the transient transmission signal of Cu1 (black 
circles) and Cu2 (blue triangles) under pump pulse energies of 9.5 nJ, 19 nJ, and 
38 nJ. It is obvious that electron energy relaxation is size dependent and the 
lifetime is shorter for smaller nanoparticles. The experimental data TtT /)(∆ is 
simulated (red lines in (a)-(c)) by convoluting the theoretical response function 
)(τI  with the instrument response function )( τ−tR . 


















































































It is clear that the dynamics of electron energy relaxation are size dependent, 
with the shorter lifetime for smaller nanoparticles. The experimental data of 
( TtT /)(∆ ) is simulated (red lines in figures 5-5(a)-(c)) by convoluting the 
theoretical response function )(τI  with the instrumental response 




















Where, ee−τ  and phe−τ  are the thermalization times of the electrons due to e-e 
scattering and e-ph interactions, respectively. 0τ  is determined by measuring the 
cross correlation between the pump and probe at the sample position (180 fs in 
our experiments). For Cu1 (Cu2), the lifetimes of phe−τ  obtained from simulation 
are 0.48 (0.64) ps, 0.70 (0.86) ps, and 0.93 (1.12) ps under pump pulse energies 
of 9.5 nJ, 19 nJ, and 38 nJ, respectively. Extrapolating the lifetimes measured at 
different pump powers, we obtained lifetimes of )0(phe−τ  at zero pump power for 
both Cu1 and Cu2, which are 0.37 ps and 0.51 ps, respectively. Using the 
equation: 
 







τ =− ,    (5.4) 
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we find that the experimental e-ph coupling constants expg  for Cu1 and Cu2 are 
16108.7 ×  Wm-3K-1 and 16107.5 ×  Wm-3K-1, respectively. Equation 5.4 assumes that 
all the electron energy relaxation is due to phonon interactions. However in our 
case we believe that surface imperfections in colloidal copper nanoparticles may 
also contribute to the overall electron energy relaxation. Equation 5.4 is modified 
to not only account for the electron energy relaxation due to phonon interactions 
but also due to surface imperfections. We replaced phe−τ  and expg  with eRτ  
and eRα , where eRτ  and eRα  are the total electron energy relaxation time and total 
electron relaxation coupling constant, respectively. 
 
If the radius of the nanoparticle is comparable or smaller than the bulk electron 
mean free path, surface scattering of the electrons becomes relevant (29,45,46). 
In this case, the hot electron energy relaxation occurs through two different 
channels: electron-bulk phonon coupling and electron-surface phonon coupling. 
There are two kinds of surface phonon modes (33,45,55), namely, acoustic and 
capillary surface modes. Since all these coupling processes occur 
simultaneously, the total electron-phonon coupling, totalg , is determined by 
summing of the three different contributions (33): 
 
     CAbulktotal gggg ++= ,  (5.5) 
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The last two terms, which are size dependent, stand for the acoustic and 
capillary surface modes coupling, respectively.  
 
The value of electron-bulk phonon coupling bulkg  in copper has been reported by 
Brorson (36) and Tien (56) to be 1610)7.08.4( ×±=bulkg  Wm
-3K-1. The contribution 
of electron-surface phonon coupling to the electron energy relaxation in metallic 
nanopartilces can be derived with a quantum-kinetic treatment (45,46,55). By 
considering the Hamiltonian which describes the interaction of electrons in a 
spherical potential well of depth V0, the expression for the coupling constant 






















g leFBC ,   (5.6) 
 
where Bκ  is Boltzmann’s constant, Fν  is Fermi velocity, R  is radius of particle, 
n  is the free electron density, em  is the electron mass, lω  is the maximum 
frequency of the capillary modes, σ  is the surface tension, 0V is the Fermi 
energy, 0ϕ is the work function of the metal. The limiting frequency lω  is 
approximately given by (29,33): 




σω  ,     (5.7) 
where ρ is the density of the metal and l  is the angular momentum number 
corresponding to the shortest possible surface wave, which is given by the 
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integer part of dRπ , where d  is the lattice parameter. The electron energy 




































BA ,    (5.8) 
 
where lc  is the longitudinal speed of sound and Dω  is the Debye frequency. With 
the following parameter (57,58): 61057.1 ×=Fν  m/s, 
281045.8 ×=n  m-3, 
31093.8 ×=ρ  Kg/m3, 256.0=d  nm, 0.70 =V  eV, and 65.40 =ϕ  eV. Using Eqs. (5-
6) and (7) we calculated Cg  for Cu1 and Cu2, which are summarized in Table 
5.1.  
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Table 5.1. Comparison of the experimentally determined total electron relaxation 
coupling constant ( eRα ) for two sizes of the copper nanoparticles with the 
calculated total e-ph coupling constant totalg , Cbulktotal ggg += , assuming that the 
electron-phonon coupling within the nanoparticle is the same as that for the bulk 



















Cbulktotal ggg +=  
12 7.8 0.8 5.6 ± 0.7 
30 5.7 0.3 5.1 ± 0.7 




From our calculations, the contribution of Ag  is about two orders-of-magnitude 
smaller than that of Cg , so the values of Ag  are not reported in Table 5.1. The 
total e-ph coupling constant (Table 5.1) Cbulktotal ggg +=  for 12nm and 30nm 
diameter copper nanoparticles were 1610)7.06.5( ×±  Wm-3K-1 and 1610)7.01.5( ×±  
Wm-3K-1, respectively, with a reported value of 1610)7.08.4( ×±  Wm-3K-1 for bulkg  
(36,56). The size distributions of the two samples are 15%. Using Eqs. (5)-(8), 
we estimate that the error bars for e-ph coupling constants because of 
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nonuniformity of nanoparticle size are less than 2% and are neglected in the 
Table 5.1. By comparing the total e-ph coupling constants totalg  to the 
experimental values of total electron relaxation coupling constant eRα  obtained 
from the decay of the bleach spectrum, we see that for both 12 nm and 30 nm 
diameter copper nanoparticles, eRα  is larger than totalg . The difference between 
eRα  and totalg becomes bigger as the diameter of copper nanoparticles is 
decreased from 30 nm to 12 nm. This suggests that another size dependent 
dissipation channel is needed besides the electron-surface phonon modes 
coupling mechanism to account for the observed difference between eRα  
and totalg . One possible mechanism is electron-defect scattering on surface 
imperfections (59). For chemically synthesized nanoparticles, there are always 
some imperfections on their surfaces. We believe that, for copper nanoparticles 
used here, the surface imperfections consist of several different kinds of defects, 
such as oxidized copper atoms, uncompensated surface charges, the capping 
material-surface atom complex, vacancies, dislocations, and dangling bonds. It is 
reasonable to believe that this phenomenon’s contribution to the total electron 
energy relaxation in nanoparticles is size dependent because smaller metallic 
nanoparticles have more surface imperfections due to their higher surface 
energy, larger surface curvature, and larger surface-to-volume ratio. Also, the 
tendency for copper nanoparticles to be oxidized could produce surface 
imperfections which are formed easier in smaller nanoparticles. Surface 
imperfections could introduce several new mechanisms for the electronic 
relaxation process. First, surface imperfections could trap free electrons and 
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localize them at the defect sites (traps). Second, surface imperfections could 
cause stronger inelastic scattering than from passivated surfaces. Energy 
transfer processes to the defect surface states could also lead to an increase in 
the rate of the electron relaxation.  
  
A more effective nonradiative electronic relaxation in smaller copper 
nanoparticles is observed from the study of the quantum yield of fluorescence of 
these nanocrystals. In 1969, Mooradian observed fluorescence from bulk copper 
metal with an emission maximum at 600 nm (60). The quantum yield of this 
fluorescence was found to be about 10-10. We observe much stronger 
fluorescence from copper nanoparicles. Figure 5-6 shows the fluorescence 
spectrum of Cu1 and Cu2 with excitation at 337 nm. The fluorescence bands are 





































Figure 5-6. The fluorescence emission spectra of from copper nanoparticles in 
ethanol solution synthesized using photochemical reduction. The quantum yield 
of the 30nm nanoparticles was found to be as high as 10-5 and ~10-6  for 12 nm 
particles. The lower fluorescence quantum yield of the 12nm particles could be 
due to more surface imperfection in smaller nanoparticles. 
 
 
This fluorescence is due to radiative recombination of the s-p conduction-band 
electrons below the Fermi level with the holes in the d bands.  The fluorescence 
quantum yields of Cu1 and Cu2 are calculated to be 10-6 and 10-5, respectively, 
which are greatly enhanced when compared to the value of 10-10 for the bulk 
copper metal. The mechanism for the enhancement of the fluorescence quantum 
yield is similar to the mechanism in gold nanorods (61), an LSPR induced 
enhancement of the electric fields of the incoming and the outgoing radiation. 
The lower fluorescence quantum yield of Cu1 compared to that of Cu2 suggests 
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more efficient fluorescence quenching for smaller nanoparticles which is probably 
due to the surface imperfections. This indicates that the contribution of surface 
imperfections to the electron energy relaxation is larger in Cu1 than that in Cu2, 
which is consistent with our experimental result. Furthermore, using the numbers 
in Table 5.1, we can estimated the ratios of contribution from bulk phonons, 
surface phonons, and surface imperfections to the total electron energy 
relaxation, which are 61.6% (84.2%), 10.2% (5.3%), and 28.2% (10.5%) for 12 
nm (30 nm) copper nanoparticles in ethanol solution. 
  
In their paper of silver nanoparticles embedded in dielectric matrices (32), Bigot 
et al. also included the effect of heat transfer to the dielectric matrix to interpret 
the size dependence of the electron energy relaxation. We think this mechanism 
does not effectively contribute to observed size dependence of electron energy 
relaxation observed in copper nanoparticles in ethanol solution. This is because 
the thermal conductivity of ethanol is about two orders-of-magnitude smaller than 
those of the dielectric matrix used by Bigot et al. This means that heat transfer in 
ethanol will occur on a time scale that is much longer than that in a dielectric 
matrix so its effects on the size dependent electron energy relaxation is 
negligible.   
 
Effect of surrounding on the cooling dynamics was studied by El-Sayed and 
coworkers (40, 62). They found that the bleach dynamics was influenced by 
changing the surrounding medium. Changing the medium from an organic 
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solvent to MgSO4 (62), or from aqueous medium to a series of polymer gels, the 
relaxation times where different. The bleach recovery becomes slower when the 
thermal conductivity of the medium was decreased. 
 
 We also explain the effect of solvent on the phonon-phonon relaxation in copper 
nanoparticles. Copper nanoparticles used for these studies were similar to the 
once used above (30 nm in diameter) whose absorption spectrum is shown in 
figure 5-2. For phonon-phonon relaxation in copper nanoparticles, 700 ųL of 30 
nm diameter copper nanoparticles prepared in Ethanol was added in two 
cuvettes. To one cuvette, 300 ųL of ethanol and to the other 300 ųL of ethylene 
glycol was added. The relaxation dynamics are shown in figure 5-7 below. The 
thermal conductivities of ethanol and ethylene glycol are 0.176 and 0.256 W/m K, 
respectively. The phonon-phonon relaxation times for copper in ethanol and 
ethylene glycol were determined to be 900 ps ± 10% and 583 ps ± 10%, 
respectively. It is found that under the same conditions, the phonon-phonon 
relaxation is faster in more conductive solvent (Ethylene glycol) than in ethanol. 
This is expected since the copper particles can dissipate heat more efficiently to 
the surrounding medium of higher thermal conductivities.  
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300 ul  sampl e i n Et hanol +700 ul  Et hyl ene
Gl ycol  ( decay t i me 583 ps +/ -  10%)
300 ul  sampl e i n Et hanol +700 ul  Et honal
( decay t i me 900 ps +/ -  10%)
 
Figure 5-7: Phonon-phonon relaxation dynamic of copper nanoparticles pumped 
with 400 nm femtosecond pulse and probed at the plasmon maximum (565 nm). 





We studied the ultrafast relaxation dynamics of hot electrons in copper 
nanoparticles in ethanol solution. The results show that the temporal behavior of 
the electron energy relaxation has clear size dependence. Both size-dependent 
electron-surface phonon coupling mechanism and the additional mechanisms 
involving electron trapping or electron energy transfer to surface imperfections 
are used to interpret the experimental results. We also observed an 
enhancement of the steady-state fluorescence by five orders of magnitude in 
copper nanoparticles compared with the bulk metal. The fluorescence is ascribed 
to radiative recombination between electrons in the s-p conduction-band below 
the Fermi level with the holes in the d bands. The observed enhancement is 
attributed to the localized surface plasmon resonance induced enhancement of 
the electric field of the incoming and outgoing radiation. Additionally, we show 
that phonon-phonon relaxation is faster in a more conductive medium such as 
ethylene glycol than in ethanol. 
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OBSERVATION OF OPTICAL GAIN IN SOLUTIONS OF CdS QUANTUM 





The optical gain dynamics has been studied for two CdS quantum dot samples 
dispersed in toluene at room temperature. This was carried out by using 
femtosecond transient absorption technique with an excitation at 400 nm and 
gain measurement was studied at the fluorescence maxima (440 nm and 460 
nm). The optical gain lifetime was found to be as long as 20 picoseconds under 
pump fluence as low as 0.77 mJ/cm2. The low threshold is the result of long 
lifetime of electrons and holes and narrow emission band width. These results 
suggest that CdS quantum dots in solution are excellent gain media for optically 
pumped high power blue lasers. 
 
† Qusai Darugar, Wei Qian, Mostafa A. El-Sayed; Applied Physics Letters, 2006, 





Semiconductor nanocrystal quantum dots (QDs) have attracted great attention 
due to their tunable electronic and optical properties arising from three-
dimensional quantum confinement effects (1-3). The advantages of using 
semiconductor QDs in the strong confinement regime as gain media in lasing 
devices (due to their predicted reduced lasing threshold and improved 
temperature stability (4,5)) are the driving forces in the development of 
semiconductor QDs based lasers. A large amount of study has been devoted to 
optical gain and amplified spontaneous emission (ASE) in semiconductor 
nanocrystals (6-12). Most of them are in the visible range with wavelengths 
longer than 500 nm using CdSe (6-10) (540-680 nm) and in the near-infrared 
range using PbSe (1425-1625 nm)(12) or InAs (1570 nm)(11). Furthermore, all 
the observations of optical gain and ASE in quantum dots were from self-
assembled close-packed QD films or QDs in solid matrices but none were in the 
solution. For high power lasers, liquids are advantageous for heat circulator and 
dissipation.  
 
As a direct wide band gap semiconductor, CdS nanocrystal QD is an excellent 
candidate for realizing optical gain and ASE in blue range. Optical gain in sol-gel 
derived CdS nanocrystal QDs embedded in glass matrices pumped by intense 
nanosecond laser pulses was observed at low temperature (below 170 K) by 
Butty et al. in 1995 (13). With the advances in incorporating QDs into host 
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matrices, Bawendi et al. (14) have recently observed lasing in the blue region 
from core-shell CdS/ZnS nanocrystals stabilized in a sol-gel derived silica matrix 
pumped by 100 fs laser pulses at 400 nm. However, up to now, optical gain 
dynamics and measurement of optical gain lifetime have not been reported for 
CdS QDs and certainly not for the solution of CdS QDs at room temperature. In 
the present work, we present experimental results of optical gain dynamics in the 
strongly confined CdS QDs dissolved in toluene solution at room temperature 
using femtoseocnd transient absorption technique. Because of the long lifetime 
of electrons and holes and narrow fluorescence band width, one can observe 




CdS nanocrystal QDs were prepared by using a method similar to the one used 
by Bawendi et al. (15) and modified by Peng et al. (16) Instead of using more 
common sulfur and tri-n-octylphosphine (TOP) complex, we used 
bis(trimethylsilyl)sulfide [(TMS)2S]. In a typical synthesis, 0.2 g CdO (Sigma) was 
mixed with 3 g tri-n-octylphosphine oxide (TOPO), 1 g stearic acid and heated to 
280 ˚C. Once the solution in the flask became optically clear, 0.5 ml of (TMS)2S 
was rapidly added. The solution turned yellow immediately and the growth of 
CdS nanocystal QDs was monitored by using a Shimadzu UV-3101-PC 
spectrophotometer. The size and morphology of the nanoparticles were 
examined using a JEOL 100CX II transmission electron microscope (TEM). 
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Nanosecond time-resolved photoluminescence decay was measured using PTI 
model C-72 fluorescence lifetime spectrometer. The CdS QDs solution was 
excited by laser pulses (0.8 ns, 10 Hz) at 337 nm generated from a PTI-GL-3300 
nitrogen and the photoluminescence was detected using a switchable 
analog/photon counting photomultiplier tube and was fitted to biexponential 
decay. 
 
The optical gain measurements at room temperature were performed using a 
femtosecond transient absorption technique, which has been described 
elsewhere (17). 100 fs laser pulses at 400 nm and femtosecond white light 
continuum ranging from 400 nm to 1100 nm with 1 kHz repetition rate were used 
as pump and probe light, respectively. The pump and probe beams were focused 
and overlapped at the sample with a diameter of about 250 µm. The time delays 




Results and Discussion 
 
In order to investigate the effects of sample quality on optical gain properties, two 
samples were prepared with different initial Cd:S ratio of the precursors. Using 
initial ratio of Cd:S to control the final quality of CdS QDs is motivated by the 
work of Peng et al. (18). In their work, (18) they demonstrated that with Se 
precursor initially in excess, which provides relatively stable environment during 
the surface optimization/reconstruction process, CdSe nanocrystals could be 
synthesized with high lattice quality. Using the same logic, we used biased 
amount of S precursor to make two samples for our studies. Sample 1 and 2 
were prepared under excess Cd and S precursor, respectively. As shown in the 
following, these two samples have different quality, indicated by their 
photoluminescence (PL) quantum yields (QYs). The absorption and PL spectra 
of sample 1 (blue lines) and sample 2 (red lines) are presented in figure 6-1a. 
Due to the strong quantum confinement, the first absorption maxima is blue 
shifted from the bulk CdS absorption edge at 500 nm to 420 nm for sample 1 and 
to 440 nm for sample 2. The average sizes of CdS QDs estimated from the 
wavelengths of the first absorption maxima using empirical equation in Peng’s 
paper (19) are about 4.0 nm and 4.8 nm for sample 1 and sample 2, respectively.   
The real size of sample 1 was also directly measured from its TEM image (inset 
to figure 6-1a) and gave an average diameter of 3.8 nm, close to the estimation. 
The PL spectra (figure 6-1a) show two emission bands. The peaks in the blue 
region at 440 nm for sample 1 and at 460 nm for sample 2 are from band edge 
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emission. The linewidth of band edge emission is pretty narrow, approximate 28 
nm (FWHM). The narrow emission helps to decrease optical gain threshold in 
two ways. First the shape band edge emission indicates a narrow size-
distribution so the percentage of the QDs in the subgroup of an ensemble of 
QDs, which contribute to optical gain measurement, is higher compared to 
sample with broad size-distribution. Second, the fluorescence resonance energy 
transfer within QDs serving as a channel for losing absorbed optical energy will 
be inhibited further due to narrow size distribution and emission band. Beside the 
sharp band edge emission, there are broad emission bands on the red side from 
500 nm to 700 nm. These are assigned to deep trap emissions. The intensity of 
the deep trap emission is used to characterize the quality of sample because it 
results from the nonradiative electron and hole losses to the defects and 
impurities on the surface and/or within the QDs. The PL QYs of the band edge 
(deep trap) emission were 20% (30%) and 32% (12%) for sample 1 and sample 
2, respectively by comparing the integrated PL intensities of the QDs to the well-
characterized dye (Coumarin 460). It is obvious that sample 2 is of better quality 
than sample 1. As it is shown below, the bandedge emission has a long lifetime 
and suggests that the trap emission is populated from higher excited states. 
Figure 6-1b shows the photoluminescence decay of the two samples. The signal 
is fitted to a biexponential decay with time constants (amplitudes) of 2.7 ns (0.55) 
and 41 ns (0.45) for sample 1 and 2.5 ns (0.42) and 52 ns (0.58) for sample 2. 
The faster decay component of 2.7 (2.5) ns is due to the nonradiative loss of 
electrons and holes to the defects and/or impurities and the 41 (52) ns decay 
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component is the lifetime of e-h pairs at the band gap states (20). The lifetime is 
much longer than that observed for CdSe QDs of similar size (about 20 ns) (21). 
 
Femotsecond transient absorption experiments have been used extensively to 
study the dynamical processes of optical gain in semiconductor QDs (6-8, 11, 
13).  In these experiments, one monitors the change of absorption of the sample 
before and after excitation. If the absorbance before and after the irradiation is 
0α  and α , respectively, then optical gain is achieved when the pump-induced 
absorption bleach (negative absorption or transmission) )( 0ααα −−=∆−  is 
greater than 0α  (or 0/αα∆−  is )1> (6-8). Due to the overlap of the intense pump-
induced absorption with the PL band, experiments with CdSe QDs solution (6) 
showed photoinduced absorption rather than bleach within the PL band. 
Numerous experiments have confirmed that the optical gain and ASE could only 
be observed in CdSe close-packed QD films and QD-polymer matrices due to 
the absence of pump-induced absorption and high QD loading fraction (6-9). 
However, as shown in the following figures, there is no pump-induced absorption 
(or the pump-induced absorption is very weak) within the PL band in the CdS QD 
solution. As a result, optical gain is directly observed at their PL peaks. It is worth 
to mention that one possible reason for the observable optical gain in CdS QDs 
solution is that the pump wavelength (400 nm) is close to the emission 
wavelength (440 nm or 460 nm), which can eliminate the loss of electron-hole 
pairs due to trapping of defects. As shown by Banin et al., (22) lasing has been 
achieved from the hexane solution of CdSe nanocrystals in the microcavity as 
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pump laser wavelength is set close to the band gap. In addition, Link et al. (8) 
from our group has also proved that by moving the excitation laser wavelength 
closer to band gap, the optical gain could be observed in CdSe nanorods 
solution.   
 
Figure 6-2(a) and (b) present normalized transient absorption changes 0/αα∆−  
as a function of time delay between the pump laser with different fluence and the 
probe laser. The probe laser wavelength was set at 440 nm and 460 nm for 
samples 1 and 2, respectively (the peak maxima of their PL spectra). Figure 6-
2(c) shows the pump intensity dependence of the normalized absorption changes 
( 0/αα∆− ) at a delay time of 6 ps. For both samples, we found that 0/αα∆−  
could be greater than 1 (corresponding to optical gain). The thresholds of pump 
fluence ( 1/ 0 =∆− αα ) for achieving optical gain are 2.24 mJ/cm
2 and 0.57 
mJ/cm2 for sample 1 and 2, respectively. Klimov et al. (6) have found that the 
gain threshold of QDs scales roughly as 1/R3 (R is the size of QDs). Based on 
their results, the threshold of sample 1 will be only 70 % higher than that of 
sample 2. However, here the gain threshold of sample 1 is nearly four times (or 
300% higher) as high as that of sample 2. We believe this reflects the effects of 
sample quality on the optical gain threshold. 
 
The band edge emission in II-VI semiconductor QDs is modeled as a two-level 
system with twofold spin-degenerate states (6-23).  The complete bleach of the 
band gap absorption (corresponding to gain threshold) occurs at the minimum 
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carrier density of 1=ehN  ( ehN  is the number of e-h pairs per dot on average). 
The optical gain at the band edge emission is due to the transitions from the 
quantum-confined biexciton states to exciton states (6, 7, 10, 23). In the sample 
with poor quality, there are many defects and impurities on the surfaces of the 
QDs, such as the unpassivated Se or S lone pair sites in the case of CdSe and 
CdS. Experimental studies (7, 24, 25) showed that the holes could be trapped 
nonradiatively to these surface defects on the subpicosecond to picosecond time 
scale. This is faster than Auger recombination (several tens of picoseconds), (26) 
and sets the limit for optical gain threshold. In order to observe optical gain, the 
excited carrier density of e-h pairs ehN  needs to be well above 1 so that after 
saturating the surface defects, the biexciton-to-exciton transition can still occur. 
This explains that optical gain threshold depends on the sample quality. 
 
The lifetime of optical gain under pump fluence higher than the threshold could 
be obtained from figure 6-2(a) and (b). The decay of optical gain is determined by 
two competitive processes, intrinsic multiparticle Auger recombination and 
nonintrinsic ultrafst hole trapping by surface defects (6,7) For sample 2, under 
moderate pump fluence (0.77 mJ/cm2), it took 20 ps (corresponding to an 
effective amplification length about 6 mm) for ( 0/αα∆− ) to decay to 1 (optical 
gain threshold) at room temperature. The 20 ps optical gain lifetime observed for 
CdS QDs, which is related to the Auger recombination in CdS QDs, is longer as 
compared with close-packed CdSe QDs film which is less than 10 ps (7) even 
under higher pump fluence of 1.6 mJ/cm2. The fact that CdS QDs show gain in 
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solution at relative lower pump fluence at room temperature, in spite of similar 
overlap between the emission maximum and the absorption bandedge spectrum 
as in CdSe, is due to the observed longer lifetimes of fluorescence and biexciton-
to-exciton transitions and narrow fluorescence band width. This leads to the 
formation of the biexciton critical density (needed to achieve population 




We have observed optical gain in CdS nanocrystal QDs in strong confinement 
regime in toluene solution at room temperature using femtosecond transient 
absorption techniques. The optical gain dynamics of CdS QDs is sample quality 
dependent, due to the ultrafast hole trapping processes by the defects. The 
optical gain lifetime is measured to be 20 picoseconds under pump fluence of 
0.77 mJ/cm2. The relative lower gain threshold compared to that of CdSe QDs is 
attributed to the long lifetime of fluorescence and biexcitons and the relatively 
sharp PL linewidth. Our results indicate that CdS nanocrystals are excellent gain 
media for semiconductor QD based blue lasers. 
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Figure 6-1: (a) Absorption and photoluminescence (PL) spectra of sample 1 (blue 
lines) and sample 2 (red lines). Inset: TEM image of sample 1 shows an average 
diameters of about 3.8 nm, which is much smaller than the bulk exciton Bohr 
radius of CdS (2.8 nm). In addition to intense sharp band gap emission peaks, 
there are deep trap emission bands ranging from 500 nm to 700 nm caused by 
nonradiative electron and hole losses to the defects and impurities on the surface 
and/or within the QDs. (b) Photoluminescence decay of sample 1 (blue line) and 
sample 2 (red line). The signal is fitted by biexponential decay with time 
constants (amplitudes) of 2.7 ns (0.55) and 41 ns (0.45) for sample 1 and 2.5 ns 
(0.42) and 52 ns (0.58) for sample 2.  
 
Figure6-2: (a) and (b) present normalized transient absorption changes 0/αα∆−  
of samples 1 and 2 as function of time delay induced by 400 nm femtosecond 
laser at different pump fluence. The probe wavelength was set to their PL peaks, 
440 nm and 460 nm for sample 1 and 2, respectively. Under moderate pump 
fluence (0.8 mJ/cm2), the optical gain lifetime is determined to be as long as 20 
ps at room temperature, corresponding to effective amplification length of about 6 
mm. (c) Shows pump intensity dependence of the normalized absorption 
changes ( 0/αα∆− ) at a time delay of 6 ps. The pump fluence thresholds of 
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Concentration Dependent Relaxation Dynamics of Hot Electrons in 





The concentration dependent relaxation of hot electrons in colloidal CdSe 
nanoparticles is followed by monitoring the 1S state rise time of the transient 
bleaching signal induced by excitation at 400 nm. It is found that the rise time of 
the 1S state (or the relaxation time of the hot electrons) depends on the 
concentration of the CdSe nanoparticles. A Förster resonance energy transfer 
mechanism was initially suggested, but the calculated interparticle distance of 
~500 Å seemed very large for such process to occur. Therefore, the nature of the 
particles in solution (aggregates) could lead to the rise time dependence of rise 
time on concentration. An alternate mechanism of multiparticle (cluster) 
interaction is thus proposed such dependence. Additionally, Auger type ionization 




In the late 1940’s, Förster proposed a theory (1) based on transition dipole-dipole 
interaction for describing long-range resonance energy transfer. He derived a 
transfer rate equation that relates the transfer rate to the sixth power of the 
donor–acceptor distance and the spectroscopic overlap integral between the 
normalized donor emission and the acceptor absorption line shape. Förster 
resonance energy transfer (FRET) has been studied for many years because of 
its essential role in various research fields, such as fluorescence quenching, 
radiation physics and chemistry, photosynthesis, and photobiology (2). In 
addition, FRET has become a standard spectroscopic technique for measuring 
distances in biological systems on the 10 to 100Å range. FRET between 
semiconductor nanoparticles within an inhomogeneous distribution. This results 
in fluorescence quenching of the smaller nanoparticles and enhancement of 
fluorescence of the larger nanoparticles have also been studied (3-5). The size-
dependent optical and electrical properties as well as the strong and narrow 
emission of semiconductor nanoparticles are well known (6, 7). For this reason 
the direction and rate of the nonradiative FRET Förster resonance energy 
transfer between semiconductor nanoparticles is controllable via the control of 
extent of the separation of donor-acceptor and spectral overlap (8,9). 
Semiconductor nanoparticle-based artificial analogs of biological light-harvesting 
complexes have been designed to serve as a platform for studying complicated 
photosynthesis processes (10). Nanoscale biosensors have been developed 
 194
using energy transfer between semiconductor nanoparticle donors and 
functionalized acceptor biomolecules (11, 12). The spatial resolution of scanning 
probe microscopy has been improved using resonance energy transfer in its 
principle operation (13).  
 
Recently, a very interesting idea has been theoretically proposed of using energy 
transfer between semiconductor nanoparticles to perform universal quantum 
logic steps and generate quantum entanglement (14). Due to the great 
significance for both fundamental studies and the practical applications given 
above, FRET between semiconductor nanoparticles received intense 
experimental and theoretical research in the past decade (3-5, 8-12).  
 
The semiconductor samples that were used in our experiments for observing 
concentration dependent electron dynamics is colloidal CdSe nanoparticle. 
Numerous theoretical and experimental studies (6, 7, 15-20) have greatly 
improved our understanding of the electronic structure and optical properties of 
CdSe nanoparticles. A number of groups, including our own, have been 
interested in understanding the mechanisms (25, 29, 38, 39, 48) of cooling hot 
electrons (those that are excited to higher energy levels above the band gap 
excitations). 
 
The exciton Bohr radius of bulk CdSe is 5.2 nm, thus CdSe nanoparticles of 
smaller sizes have discrete electron and hole energy levels. The three lowest 
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excited state electron energy levels (21) in the order of increasing energy are 1S, 
1P, and 1D, and the three lowest hole energy levels in the order of increasing 
energy are 1S3/2, 1P3/2, and 2S3/2. The lowest state (band gap) in the linear 
absorption spectra of CdSe nanoparticles is assigned to the transition involving 
the lowest electron state (1S(e)) and the lowest hole state (1S3/2(h)).  
 
Because the spacing between the two lowest electron energy levels of 
semiconductors nanoparticle is around several hundred millielectronvolts and is 
much larger than the single longitudinal optical (LO) phonon energy of 
semiconductor (~ 300 cm-1), the relaxation of hot electrons in semiconductor 
nanoparticles can not occur via a single LO phonon process and may require 
tens of LO phonons. Thus it is expected to be very slow and is known as a 
“phonon bottleneck” (22). Due to the “phonon bottleneck” effect, very slow 
thermalization process of hot electrons in semiconductor nanoparticles is 
predicted (23, 24). Contrary to this prediction, a large number of ultrafast 
spectroscopy experiments, including femtosecond transient absorption in the 
visible and infrared spectral ranges, (25-29.38) femtosecond fluorescence 
upconversion (30,31), and femtosecond photon-echo (32,33), demonstrated that 
in both III-V and II-VI semiconductor nanoparticles, the relaxation of hot electrons 
is extremely rapid (on the subpico-to-picosecond time scale), comparable to 
large molecules (34). This indicates the occurrence of other mechanisms that 
bypass the “phonon bottleneck”. Several mechanisms have been proposed in the 
literature for the relaxation of hot electrons in semiconductor nanoparticles. 
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These include an  interaction with defects (35), Coulomb scattering of the 
electron-hole plasma (36), coupling between electron and hole in an Auger-like 
relaxation process (37), and hot electrons trapped or relaxed by coupling with 
surface molecules or defects (38, 39). 
In the present work, we examine the relaxation of hot electrons in CdSe 
nanoparticles from the excited states to the lowest electronic state (1S) as a 
function of particle concentration by monitoring the rise time of the transient 
absorption signal from the 1S state. It is found that such a relaxation occurs at a 
concentration as low as 10-5 M (with an average calculated particle distance of 
500 Å). This efficient quenching is discussed in terms of Förster type energy 
transfer. However this distance is too long for such  an energy transfer to occur 
and therefore an alternate mechanism is suggested and experimentally tested 





Colloidal CdSe nanoparticles passivated with molecules of tri-n-octylphrosphine 
oxide (TOPO) and dissolved in toluene were prepared using the method 
introduced by Murray et al. and modified by Peng et al. (40). In a typical 
synthesis, 5 g of TOPO is preheated to 300 °C with about 0.2 g CdO. After the 
solution becomes optically clear, 0.15 g Se dissolved in 3 ml trioctylphosphine 
(TOP, Aldrich) is quickly injected in to the hot solution of TOPO/Cd. CdSe 
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nanoparticles are instantaneously formed and the reaction flask is heated until 
the desired particle size is obtained. Growth of the nanoparticles is monitored by 
measuring the absorption of the aliquot during the synthesis. A typical linear 
absorption spectrum of our sample is shown in Figure 7.1 
 
. 
















Figure 7.1:  Typical linear absorption spectrum of TOPO-passivated CdSe 
nanoparticles. The two absorption peaks at 565 nm and 460 nm are due to the 
transitions to (1S3/2(h); 1S(e)) and to (1P3/2(h); 1P(e)) states, respectively. 
 
 
Two absorption peaks at 565 nm and 460 nm are assigned to 1S (1S3/2(h)-1S(e)) 
and 1P (1P3/2(h)-1P(e)) transitions, respectively. The sizes were examined by 
using a JEOL 100CX II transmission electron microscope (TEM) operating at 100 
kV in order to obtain information on the size. TEM images show that our CdSe 
nanoparticles have a mean diameter of 3.4 nm with 8% size dispersion. Empirical 
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functions (3) and (7) in reference 41 could be used for determination of the size 
dependent extinction coefficient of CdSe nanoparticles. For our 3.4 nm CdSe 
nanoparticles, the extinction coefficient is about 1.50×105 cm-1M-1 at 565 nm. A 
total of seven CdSe nanoparticle solutions (S1-S7) in order of increasing 
concentration were prepared and used in the experiments. The optical densities 
of S1-S7 at the first absorption peak (565 nm) are 0.0416, 0.118, 0.244, 0.305, 
0.469, 0.581, and 0.738, respectively. Further, the concentration of these 
samples can be calculated using the extinction coefficient (1.50×105 cm-1M-1) of 
CdSe nanoparticles at 565 nm (41). The concentration of S1-S7 are 2.04×10-6 M, 
5.80×10-6 M, 1.20×10-5 M, 1.50×10-5 M, 2.30×10-5 M, 2.85×10-5 M, and 3.63×10-5 
M, respectively. 
 
The femtosecond pump-probe experimental setup for monitoring carrier-induced 
absorption changes was described in previous paper (42). Briefly, an amplified 
Ti-sapphire laser system (Clark MXR CPA 1000) was pumped by a ND-YVO ring 
loss (Coherent Verdi 5 W) laser. This produced 1 kHz laser pulses of 100 fs 
duration (fwhm) and an energy of 1 mJ at 800 nm. A white light continuum used 
as probe light is generated by focusing a small part (4%) of the fundamental into 
a 1 mm sapphire plate. The pump (or excitation) light is produced by second 
harmonic generation (400 nm) and was modulated by an optical chopper (HMS 
221), which is synchronized to the laser pulses and yields an excitation 
frequency of 500 Hz. The probe light is split into a signal and reference beam. 
After passing the monochromator (Acton Research), both beams are detected by 
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two matched photodiodes (Thorlab). The kinetic traces are obtained using a 
boxcar and lock-in-amplifier referenced to the 500 Hz frequency pump beam 
chopper. 
 
After the carriers in CdSe nanoparticles are excited to states higher than the 
exciton ground state, it is apparent that the rise time of the exciton ground state 
is determined by the intraband relaxation rate from upper electronic states. 
Indeed, Klimov et al. (43, 44) have demonstrated experimentally that the growth 
of the 1S transition is complementary to the decay of the 1P transition. In our 
experiment, the relaxation processes of hot electrons in S1-S7 are tracked by 
monitoring the rise of transient bleaching signal probed at the 1S state (band 
gap) with excitation at 400 nm. The pump fluence is ∼25 µj/cm2, corresponding to 
the excitation of 0.1 exciton or less per CdSe nanoparticle (44). The use of low 
pump intensities allowed us to avoid intraparticle exciton-exciton interaction. The 
transient bleaching signal from the sample with the lowest concentration (S1) can 
let us extract the pure interparticle distance dependent hot electron relaxation 




Results and Discussion: 
In figure 7.2 (a)-(g), we present the rise time curves of the transient bleaching 
signal (black squares) of the band gap absorption at 565 nm when the samples 
are excited at 400 nm as the nanoparticle concentration increases.  
 
The experimental data can be simulated very well (solid lines in figure 7.2) by 
convoluting an exponential function with a cross correlation between excitation 
pulses and probe pulses. In order to clearly show the concentration dependence 
of the rise time of the 1S state, figure 7.3 shows a comparison of the rise curves 
of the transient bleaching signal. The rise times of transient bleaching signal of 
S1-S7, determined from theoretical simulation, are 498 fs, 487 fs, 437 fs, 420 fs, 








































































































































Figure 7.2 (a)-(g): The rise time curves of transient bleaching signal (black 
squares) at the band gap absorption at 565 nm, with excitation at 400 nm and as 
a function of concentration. The experimental data can be fitted (solid lines) by 
convoluting exponential function with a cross correlation between excitation 
pulses and probe pulses.  
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Figure 7.3 (a)-(c): Comparison of the observed concentration dependence of the 
rise curves of transient bleaching signal of S1 (solid line), S2 (line+open circles), 
S3 (line+open squares), S4 (line+open triangles), S5 (line+solid circles), S6 
(line+solid squares), and S7 (line+solid triangles). (a) Comparison of actual 
experimental signal. (b) Comparison of simulation. (c) Concentration dependent 
rise time of 1S state. We find that as the concentration increases, the relaxation 
of hot electrons to the 1S state becomes faster. This indicates that the presence 
of interparticle coupling results in the relaxation of the hot electrons. Figure (c) 
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also shows that the experimental curve of concentration dependent rise time 
starts to saturate with nanoparticles concentration below 1.0×10-5 M. This 
indicates that with nanoparticles concentration below 1.0×10-5 M the relaxation of 
hot electrons mainly occurs via intrinsic intraparticle nonradiative relaxation 




Possible aggregation effect on the relaxation of hot electrons: 
 
It has been shown that Förster resonance energy transfer can occur in close-
packed CdSe nanoparticle films (8-10) where the interparticle average distance 
is about 50 Å.  However, we find it very surprising to see an inverse dependence 
of relaxation of hot electrons on nanoparticle concentration in CdSe nanoparticle 
solution, where the interparticle average distance is about 500 Å. Distances of 
500 Å seem too long for energy transfer between the CdSe nanoparticles and 
suggest that CdSe nanoparticles in solutions may not be isolated as assumed 
and clusters may exist that influences the rise time. For this reason, other 
possible mechanisms for concentration dependent rise time of the 1S state 
should be realized.  
 
As the CdSe nanoparticle concentration is increased (keeping the volume same) 
the number of clusters will also increase per volume of the sample used. To 
study the effect of clusters on the rise time of the 1S bleach signal, we added a 
drop of ethanol to the CdSe nanoparticle solution. Alcohol is used to aggregate 
CdSe nanoparticles from excess TOPO during the washing process (40). Also, 
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CdSe were incorporated into a polymer film since this would also form a high 
concentration of close packed particles on the substrates.  
 
The rise time of the transient absorption spectra for the CdSe film and of the 
sample with a drop of alcohol are shown in figures 7.4. It can be seen that for 
both samples, the rise times are faster than the rise times for CdSe nanoparticles 
in toluene solution.  
 
In the aggregates, the interparticle distance is very small and thus the coupling 
between them is very strong. This leads to rapid energy transfer between the 
excited nanoparticles with the hot electron and the nearby CdSe nanoparticles 
whose excited electrons are in the 1S state. 
 
This type of excitation transfer is similar to that present in single molecular 
crystals and known as a Frenkel type exciton. As the distance increases, and 
becomes larger than the size of the excited dipole, an approximate form of the 
rate of the energy transfer is derived by Förster.  
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Figure 7.4: (a) Transient absorption spectra showing the 1S rise time in CdSe 
nanoparticles in pure toluene solution (black) and in a solution with a drop of 
alcohol (blue). This clearly shows that the rise time is much faster for solution 
after aggregation formation than the particles in toluene alone. (b) Transient 
absorption spectra showing the 1S rise time in CdSe nanoparticles in solution 
(Black) and in a film (red). This clearly shows that the rise time is much faster for 
the film sample than the particles in solution. 
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As the concentration of the CdSe particles increases, the size of the aggregates 
increases. This increases the electron energy transfer rate between the particles 
with hot electrons and those with the electrons in a 1S band gap state. Figure 7.5 




Figure 7.5: Three Excited CdSe nanoparticles in an aggregate. The middle has 
the hot electron (the donor) and the other two have their electron in the 1S state 
(acceptors). 
 
Due to the small interparticle distance, the transfer rate should be high. As the 
size of the aggregate increases, the number density of the acceptors increases 




Auger type Ionization as a Relaxation Mechanism: 
 
An interesting question might arise as to whether laser excited nanoparticles 
could lead to ionization of the neighboring particle and the relaxation of the 
donor. This mechanism corresponds to an interparticle nonlinear Auger type 
process. It could efficiently contribute to the relaxation of the hot electrons and an 
observed decrease of the rise time of the 1S state. This is expected to be both 
concentration and laser power dependent. In order to examine the contribution of 
this mechanism, we studied the pump fluence dependence on S7 whose 
concentration is highest. The experimental data is shown in figure 7.6. Upon 
changing the laser pump fluence from 25 uj/cm2 up to 200 uj/cm2 it seems that in 
the concentration and laser intensity range used, we did not observe nonlinear 
Auger type mechanism because there is no pump fluence effect on the rise 
dynamics of the 1S state transient bleaching signal. (At these pump fluences one 
can calculate (44) that there is less then one electron hole pair excited per 
nanoparticle thus eliminating intraparticle Auger processes.) At high laser 
powers, one expects that the intraparticle Auger processes would dominate the 





























Figure 7.6: Transient bleaching signal of the sample with the highest CdSe 
nanoparticle concentration. The rise time curves of the transient bleaching signal 
do not show any pump fluence dependence with pump fluence up to 200 ųJ/cm2. 
This suggests that FRET induced ionization (due to interparticle Auger type 
process) of CdSe nanoparticles does not occur under our experimental 




Cause of aggregation in solution: 
 
It is clear from the experiments that the rise time of the 1S state is influenced by 
the amount of aggregates in solution. Forming a CdSe film and the addition of 
alcohol to the solution show a faster rise time of the 1S state. 
 
The cause of aggregation in solution is an interesting problem to investigate. 
Knowing that alcohol can cause CdSe nanoparticles to aggregate in solution, the 
effect of the number of times the sample is washed with ethanol on the rise time 
of 1S is studied. 
 
Figure 7.7 clearly shows that the time gets faster when the sample is washed 3 
times. This indicates that when the sample is washed with alcohol too many 
times, the capping ligands (TOPO) can be affected, leading some particles to 
aggregate. 
 
It becomes necessary to be very careful in the number of times the sample is 
washed and the amount of alcohol used. Washing the sample once should be 
sufficient and one needs to make sure the sample is dried from any trace of 
alcohol before redissolving in toluene. 
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Figure 7.7: Transient bleaching signal of the original CdSe nanoparticle sample 
(red) and the sample washed 3 times and re-dissolved in toluene (black). It is 
clear that the rise time of the sample washed 3 times is faster than the original 
sample. 
 
Concentration dependent rise time of 1S state was also measured for CdSe 
nanoparticles sample prepared using cadmium acetate precursor. This sample 
did not show any difference in rise time as a function of particles concentration 
unlike CdO prepared sample. It is likely that in addition to TOPO, the acetate ions 
also help passivate the particles, hence preventing the particles to aggregate. 
For this reason, the choice of precursors used becomes very important to the 






Electron energy relaxation in CdSe nanoparticles as a function of concentration 
is observed. The relaxation mechanism is explained in terms of Förster type 
energy transfer as well as an effect from particles aggregation. The average 
distance of 500 Å between CdSe nanoparticles seems unusually large for such a 
process to occur, and therefore the effect of particle aggregation in solution is 
considered to promote fast relaxation dynamics. The presence of small amounts 
of aggregates in solution will result in particles to be much closer to each other 
than calculation show (500Å). In such cases, an excited electron in one particle 
can relax by giving off its energy to an electron in 1S state of the neighboring 
particle. With increasing concentration, by making a CdSe film and also by 
adding ethanol to CdSe nanoparticles in solution, the number of aggregates 
increase and the relaxation rate becomes faster. Additionally, washing the 
particles too much can result in aggregation, hence changing the ultrafast 
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CHAPTER VIII 
EFFECT OF SAMPLE QUALITY AND SURFACE OXIDATION ON THE 
OPTICAL PROPERTIES OF CDSE NANOPARTICLES 
 




A detailed study on the effect of changing the cadmium to selenium ratio during 
the synthesis of CdSe nanoparticles on the optical properties is discussed. We 
also discuss the effect of surface photo-oxidation on the steady state 
fluorescence and lifetimes. The fluorescence lifetimes is found to be almost 
always bi-exponential decay with a fast decay of a few nanoseconds and a 
longer lifetime decay of tens of nanosecond. The fluorescence decay rates do 
not change under these perturbations but the contribution of each lifetime 
component and the overall fluorescence quantum yield do change. The fast 
decay component becomes dominant when the fluorescence quantum yield is 
poor which results when the sample is initially of poor quality from using excess 
cadmium or after photo-oxidation. The slower decay component is more 
prominent for a good quality CdSe nanoparticles sample with higher quantum 
yield. After photo-oxidation, the slow decay contribution decreases from 80% to 
about 50%. A mechanism for electron quenching that affects the quantum yield 




Semiconductor nanoparticles have been studied for many years in order to 
understand their optical and electronic properties arising from quantum 
confinement (1-7). Though a lot of work has been carried out in order to 
understand the fluorescence mechanisms, there still remain many questions and 
conflicting theories about these processes (8-12). It is well documented that the 
surfaces of these nanoparticles play a very important role in the overall 
fluorescence mechanism and hence the quantum yield (6-12). The fast decay 
component is thought to be between the electronic bands (13) while the longer 
decay component is thought to be the fluorescence decay lifetime from the band 
gap state (9-10).  
 
CdSe nanoparticles with narrow size distributions are prepared by the colloidal 
synthesis method in a hot surfactant solution of TOPO (14). This method allows 
us to make a narrow size distribution of particles with good control of the sizes 
and shapes. However, the quality of these particles can vary from one synthesis 
to another. Due to this variation, the fluorescence quantum yield can be different 
and hence the dynamics can vary from sample to sample. It becomes necessary 
to investigate the effect of different quality samples under different perturbations 
on the fluorescence quantum yield and fluorescence lifetimes. The presence of a 
capping material, such as TOPO and/or metal dangling bonds, on the surface 
can introduce states that can trap charge carriers and quench the fluorescence 
quantum yield.  
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It is shown that by capping CdSe nanoparticles with a material of a larger band 
gap, such as ZnS, one can reduce the surface trap states and greatly enhance 
the fluorescence quantum yield (15). Studies showed that by adding a hole 
acceptor, such as n-butylamine, quenches the fluorescence even though the 
fluorescence lifetimes was not affected (16). It is also shown that using a biased 
ratio of Cd:Se during the synthesis can greatly affect the quality of the sample 
(17). When using excess selenium, the fluorescence quantum yield is greatly 
enhanced, where as using less selenium shows very weak fluorescence 
quantum yield.  
 
In order to understand the origin of fluorescence and the role that surface states 
play in the steady state fluorescence and the electronic dynamics, we have 
carried out a detailed study on the effect of capping, oxidizing the surface and 
changing the Cd:Se ratio during the synthesis on both the yield and the relative 











Synthesis of CdSe nanoparticles 
 
CdSe nanospheres were prepared using the method of Murray and Bawendi (14) 
as modified by Peng et al (18, 19). In this modified method, dimethylcadmium is 
replaced by less toxic CdO as the precursor. In a typical synthesis, 0.5g CdO 
(Strem) is loaded into a 3-neck flask with 4g trioctylphosphine oxide (TOPO, 
Aldrich) and 2g stearic acid (Aldrich) and heated to 320°C. At this temperature, 
the reddish brown solution turns optically clear. 0.2g selenium dissolved in 4mL 
of trioctylphosphine (TOP, Aldrich) is then quickly injected into the reaction flask 
and CdSe nanocrystals are instantaneously formed. The reaction flask is heated 
until the desired particle size is obtained. CdSe nanocrystals are washed from 
excess TOPO with methanol and then redesolved in Toluene.  
 
Varying amounts of CdO and selenium are used depending on the quality of the 
sample required. For samples with excess selenium, 1:2 ration of Cd:Se was 
used and for less selenium, 2:1 ratio of Cd:Se was used. When noted, surface 
treatment or oxidation is achieved by bubbling air into CdSe nanoparticles and 
irradiating the sample with UV light (Photo-oxidation). 
 
CdSe nanoparticles were passivated with a ZnS layer using the method of Hines 
and Guyot-Sionnest (15). In this method, dimethylzinc (ZnMe2, Aldrich) and 
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hexamethyldisilathiane ((TMS)2S, Fluka)  were used as zinc and sulfur 
precursors, respectively. To the previously prepared CdSe nanoparticles, ZnMe2 
and (TMS)2S  dissolved in TOP is added drop wise at ~130º C. The capped 
particles are once again washed using the method described above.  
 
Freshly prepared CdSe particles were analyzed by a JEOL 100CX II field 
emission transmission electron microscope operating at 100 kV. Optical 
characterization was carried out using a Shimadzu UV-3101PC UV-VIS-NIR 
scanning spectrophotometer and a PTI Model C60 steady-state 
spectrofluorometer with a xenon arc lamp source and photomultiplier detection 
system. Fluorescence lifetime measurements were obtained on a PTI Model C-






Three samples studied are labeled S1, S2 and S3. S1 and S2 are samples 
prepared with excess cadmium cations (i.e. excess holes or deficient in 
electrons) with S1 having a diameter of about 3.5nm and S2 a diameter of about 
4nm. Sample S3 was prepared with excess selenium anions and has a size of 
about 3.5nm in diameter. It is suggested that using biased ratios of Cd:Se affects 
the quality of the sample (17).  Peng et al have shown that using excess 
selenium during the nanoparticles synthesis promotes surface optimization with 
fewer defect sites. They show that there exists lattice construction in the free-
standing CdSe nanocrystals. The lattice construction indicates the occurrence of 
surface optimization during the growth resulting in a high quantum yield. When 
using excess cadmium, there exist more defects on the surface of the 
nanoparticles. We will refer to these defects due to excess cadmium within the 
CdSe crystal lattice and surface as electron deficient (ED) defects. Figure 8-1a 
shows the normalized absorption spectra of two CdSe samples, S1 and S2, and 

































Figure 8-1: (a) Absorption spectra of two CdSe nanoparticle samples (red line is 
4.0nm and black line is 3.5nm in diameter) prepared with excess cadmium 
cations and (b) corresponding steady state fluorescence spectra. 
 
 





































The quantum yields were found to be 4% and 3% for S1 and S2, respectively, 
with rhodamine B used as a reference. Figure 8-2 is the normalized absorption 
and fluorescence spectra of sample S3 (excess selenium) that was synthesized 
using excess selenium. The quantum yield for this sample was calculated to be 

















Figure 8-2: Normalized absorption (black) and fluorescence (green) spectra of 
CdSe sample (S3) prepared using excess selenium. Fluorescence quantum yield 
is more than 2 times stronger than samples S1 and S2. 
 
 
Fluorescence spectra in figure 8-3 are for sample S1, and the decreasing 
emission yield is due to the effect of surface oxidation with increasing UV 
irradiation. Similarly, figures 8-4 and 8-5 are the fluorescence spectra for 
samples S2 and S3, respectively. As can be seen, the fluorescence for S1 
decreases by a factor of 5 as the sample is photo-oxidized. Similarly, 




















fluorescence quantum yield for samples S2 and S3 decreases by factors of 6 and 
5, respectively, after bubbling oxygen and irradiating with UV light. (Samples that 
are photo-oxidized will be called S1’, S2’ and S3’.)  
 
 
Figure 8-3: Decrease in fluorescence intensity with increasing UV irradiation time 
on sample S1. The fluorescence quantum yield decreases by a factor of 5 after 
UV irradiation in the presence of oxygen. 







Sample with air bubbles and 















Sample with air bubbles and 
radiated with UV for 40 minutes
Fluorescence after 
adding air bubble and 

























Figure 8-4: Decrease in fluorescence intensity with increasing UV irradiation time 
on sample S2. The black spectrum is the original sample, the red spectrum is 
measured after irradiating for 60 minutes, the green spectrum is measured after 
irradiating for 120 minutes and the blue spectrum is measured after irradiating for 
200 minutes. The fluorescence quantum yield decreases by a factor of 6 after UV 
irradiation in the presence of oxygen. 
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Figure 8-5: Decrease in fluorescence intensity with increasing UV irradiation time 
on sample S3. The black spectrum is the original sample, the red spectrum is 
measured after irradiating for 60 minutes, and the green spectrum is after 
irradiating for 120 minutes. The fluorescence quantum yield decreases by a 
factor of 6 after UV irradiation in the presence of oxygen. 
 
 
The absorption spectrum of each sample remained unchanged after surface 
treatment. Figure 8-6 shows the fluorescence decay dynamics for each sample 
before and after surface treatment. The corresponding fluorescence lifetimes for 
samples S1 and S2 are tabulated in table 8.1. Samples S1 and S2 both show bi-
exponential decay with over 50% contribution from the A1 component. After 
surface treatment, A1 contribution increases to about 80% for both S1 and S2 
samples, while the decay times (τ) for both samples remain basically unchanged 
within the experimental error.  
 
 




























Figure 8-6: Fluorescence lifetime spectra for the three samples before and after 
UV radiation that shows an increase in the fast decay component after the 
sample undergoes photo-oxidation. The fast decay component becomes 
dominant (~80%) after UV irradiation for samples S1 and S2 prepared with 
excess cadmium. Similarly, sample S3, prepared with excess selenium, shows a 
dominantly bi-exponential decay after UV irradiation.
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Emission decay after surface destruction
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For sample S3 (excess selenium), the fluorescence decay was fit to a single 
exponential decay, and when fit to a bi-exponential equation, the contribution 
from A1 was minimal (less than 20%). After irradiating the sample with UV light, 
the fluorescence decay became dominantly bi-exponential with a contribution 
from A1 component of almost 50%. The time constants and each decay 
component are shown in table 8.1. 
Table 8.1: Fast and slow emission decay times with their respective amplitudes 
for sample S1 and S3 before and after surface oxidation. 
 








A1 0.57 0.77 0.2 0.46  
τ1 (ns) 2.5 2.22 3.7 3.4 
A2 0.43 0.33 0.8 0.54 





We also studied the effect of passivation on the fluorescence quantum yields and 
on the lifetime and their respective amplitudes. Figure 8-7a compares the 
emission spectra of capped and uncapped nanodots and figure 8-7b represents 
the corresponding fluorescence lifetime decay plots. These results were 
discussed in chapter IV and may help explain the electron relaxation mechanism 
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from upper excited states and their effect on the quantum yield in CdSe 
nanoparticles. Therefore, they are briefly discussed here. Quantum yield for the 
capped sample was calculated to be 30% where as for the uncapped sample 
was 6%. Although the fluorescence quantum yield for capped CdSe 
nanoparticles was greatly enhanced compared to the uncapped sample, the 
fluorescence lifetimes practically remain unchanged. We should note that the 
quality and size of CdSe nanoparticle samples may change slightly since capping 
with ZnS requires reheating the sample. As shown in figure 8-7b, the decay is bi-
exponential with a fast component of ~3.5ns and a slow component of ~30ns. 
































Figure 8-7: (a) Fluorescence spectra of capped and uncapped CdSe nanodots 
showing a significant increase in the quantum yield for the sample capped with a 
ZnS layer. (b) Corresponding fluorescence decay spectra for the capped and 
















































Measuring optical properties of CdSe nanoparticles with different surface 
properties allows us to understand the role the particle surface has on the 
fluorescence mechanisms and the origin of the electron quencher. Using a 
biased ratio of Cd:Se creates defects within or on the surface of the CdSe lattice 
that can affect the optical and electronic properties. Samples S1 and S2 (less 
selenium) show weak fluorescence quantum yields and it is understood that this 
is due to poor surface construction when using biased ratio of cadmium to 
selenium during the synthesis (17). The fluorescence quantum yield further 
deceases when air is bubbled into the samples and irradiated with UV light. 
When the surface is oxidized, it tends to induce states that trap charge carriers 
and hence quenches the fluorescence. In the process of particles oxidation, the 
absorption spectra remained unchanged and the particles did not aggregate.  
 
Different perturbations would dictate the optical and electronic properties of CdSe 
nanoparticles, such as experimental conditions and most importantly the quality 
of the sample. Traps states in semiconductor nanoparticles normally arise from 
surface defects and/or metal dangling bonds on the surface. Furthermore, 
impurities and defects within the CdSe lattice itself can create states that can trap 
electrons (or holes) and quench the fluorescence. When the electrons are 
excited to higher energy states, the probability for them to become trapped is 
high in samples that have a high density of trap states, as discussed in chapter 
IV. Electrons trapped from the upper excited states (higher than the band gap 
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state) do not affect the fluorescence lifetimes. Passivation of CdSe nanoparticles 
with ZnS does not change the lifetimes, indicating that trapping from higher 
excited states is mainly due to organic capping molecules and free cadmium or 
selenium dangling bonds. When CdSe nanoparticles are passivated with a 
material of a larger band gap, such as ZnS, the surface trap states are minimized 
because the free metal dangling bonds and organic capping molecules are no 
longer attached directly to the CdSe surface. Capping CdSe nanoparticles with 
ZnS greatly enhances the emission quantum yield (15) while the fluorescence 
lifetime remains the same, as discussed in chapter IV. This indicates that the 
trapping to surface states is very rapid and cannot be detected within the 
instrument’s nanosecond response time. Although capping CdSe nanoparticles 
increases the steady state fluorescence quantum yield, the amplitude ratio of fast 
to slow decay rates does not change greatly. This indicates that fewer electrons 
are trapped from the excited states to the extrinsic trap sites (minimized due to 
capping) and therefore the number of electron that relax to the band gap state 
increases.  From the lowest excited state, the mechanism for electron relaxation, 
either to the intrinsic trap sites or giving off fluorescence, remain the same since 
these trap states are not greatly affected by passivation. For this reason, the 
contribution of the fast and slow decay components remain the same for capped 
and uncapped particles (A1/A2=constant). This shows that the electron trapping 
to the extrinsic trap sites does not affect the lifetimes or the amplitudes. 
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One interesting observation is the fluorescence lifetime of the sample prepared 
with excess selenium is almost a single exponential. When the sample that 
shows fast and slow decay lifetimes is capped, the fluorescence quantum yield is 
greatly enhanced, though the fluorescence lifetime still shows bi-exponential 
decay. This would indicate that the trapping of electrons to surface states due to 
organic capping or other surface species does not play a major role in the 
observed fluorescence decay rates. Changing the ratio of cadmium to selenium 
during the synthesis of CdSe nanoparticles affects both the fluorescence 
quantum yield and the contribution from fast and slow decay lifetimes. Using 
excess selenium during the synthesis is shown to form better quality samples 
(17) and the quantum yield is much higher than compared to samples prepared 
with excess cadmium. Since the amount of cadmium and selenium determines 
the lattice quality of the CdSe particles formed, using excess cadmium will most 
likely create vacancies/defects within the CdSe nanoparticles (intrinsic trap 
states). When the electrons relax to band gap state, the probability for the 
electrons to become trapped will be higher in the sample that has a high density 
of intrinsic trap sites. The fast decay component is a result of electrons getting 
trapped by intrinsic trap states, i.e. more channels for the electrons to relax and 
hence faster decay. In a sample with a high density of intrinsic trap states, the 
fast decay component is more than 50%, as seen for sample S1. Irradiating the 
sample with UV light in the presence of oxygen further increases the trapping 
states; therefore, the contribution from the fast component is as high as 80%.  
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Sample S3 is prepared using excess selenium and shows almost single 
exponential decay with the lifetime comparable to the longer lifetime of the S1 
sample.  The fast decay component contribution is less than 20% in the S3 
sample. This indicates that a good quality sample has less lattice defects and 
hence a smaller density of intrinsic trap states. The low density of intrinsic trap 
states would rapidly be saturated and would show a smaller fast decay 
component (20%). The electrons would then dominantly relax to the ground state 
giving bang gap florescence with a longer lifetime (~30 ns). Though the nature of 
the exact trapping sites is difficult to determine, and there exists many different 
types of trap sites, the above experiments suggest a trend of two dominant 
quenching sites. One is quenching due to surface capping molecules and the 
other is due to defects in the CdSe nanoparticles either on the surface of the 
nanoparticles or within the CdSe crystal. What sites are affected when the CdSe 
nanoparticles are oxidized is still unclear and needs further work. Figure 8-8 
shows a cartoon of possible mechanisms to explain the presence of two lifetimes 
in CdSe nanoparticles. Electrons become trapped from the higher excited states 
or the from band gap state depending on the trap states present. The two 
fluorescence lifetime components are attributed to electron quenching (fast 
component) and band gap relaxation (slow component). Trapping from higher 
excited states affects the quantum yield but not the lifetime, where as trapping 





Figure 8-8:  Different electron quenching sites that affect fluorescence quantum 
yield and lifetimes. 
 
 
One thing to note is that, even for the best sample ever prepared, the quantum 
yield is at best 50% after surface passivation. Therefore there are other 
nonradiative processes involved in quenching the charge carriers that leads to 





From the experimental results discussed above, we believe there are two major 
types of trap states that influence the steady state fluorescence intensity and 
florescence lifetimes. First is the trap sites caused by organic surface molecules 
and/or other surface impurities (extrinsic trap states). The second type of traps 
are due to intrinsic trap sites and these are caused by defects within the CdSe 
crystal due to poor lattice construction or the presence of impurities. By capping 
the particles with ZnS, we minimize the efficiency of the surface (due to surface 
capping molecules) trap sites by confining the charge carriers in CdSe 
nanoparticles within the larger band gap of the ZnS layer. This greatly enhances 
the fluorescence quantum yield while the fluorescence lifetime is not affected. 
This demonstrates that capping increases the probability of the charge carrier to 
relax to the lowest excited state rather than getting trapped; therefore, the 
quantum yield increases. The intrinsic trap states are most likely created during 
the particle synthesis when a biased Cd:Se ratio is used or the crystals have 
defects due to vacancies or impurities. These intrinsic trap sites vary from 
sample to sample and result in different relaxation contributions of the fast and 
slow lifetime components. Capping the CdSe nanoparticle surface does not 
change the contribution from the fast and slow decay components indicating that 
the fast component contribution of the fluorescence lifetime is the result of 
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